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ARTICLE INFO ABSTRACT

Keywords: Ocean Thermal Energy Conversion (OTEC) is a promising renewable energy technology that utilizes the tem-

OTEC perature difference between surface and deep seawater to generate electricity. However, its implementation faces

Efficiency significant challenges, particularly related to the design and cost of cold seawater intake infrastructure. This

]”;Sr?anerature differences study investigates the influence of deep seawater intake depth (350, 400, 500, 600, and 700 m) on the technical

Single-stage rankine cycle performance and economic feasibility of an OTEC system using Manado Bay, Indonesia, as a case study. Tem-
perature profiles derived from HYCOM data were combined with a single-stage Rankine cycle model to evaluate
system efficiency, component sizing, and the Levelized Cost of Electricity (LCOE). The thermodynamic model
was validated against experimental results reported in the literature, showing good agreement and confirming
the reliability of the adopted approach. The results indicate that increasing the intake depth enhances the
thermal gradient, which improves system performance and reduces the required mass flow rates of seawater and
working fluid. Consequently, the heat exchanger area and associated capital costs decrease with increasing
depth. The system operating with a 700 m intake depth achieved the highest thermal efficiency of 3.75% and the
lowest LCOE of 8.31 USD cents/kWh. Sensitivity analysis further shows that LCOE is strongly affected by var-
iations in CAPEX and OPEX, particularly those associated with platform and heat exchanger costs. These findings
provide useful insights for optimizing OTEC system design and improving the economic feasibility of renewable
energy deployment in tropical coastal regions.

1. Introduction feasibility are strongly influenced by environmental conditions,
component design, and especially the depth of cold seawater intake.
Extensive studies have focused on improving the thermodynamic

performance of OTEC systems by enhancing heat transfer and cycle ef-

The ocean is one of the most abundant sources of renewable energy,
and Ocean Thermal Energy Conversion (OTEC) represents a promising

technology to harness this resource (Faizatama et al., 2025). The basic
principle of a closed-cycle OTEC system is based on the Rankine cycle
(see Fig. 1), where warm surface seawater vaporizes a low-boiling-point
working fluid, which expands through a turbine to generate electricity
(Habib et al., 2023; Rasgianti et al., 2024c). The vapor is subsequently
condensed using cold deep seawater, completing the thermodynamic
cycle. Due to the relatively stable thermal gradient in tropical regions,
OTEC systems are capable of continuous power generation and can serve
as areliable baseload energy source (Adiputra et al., 2025; Adiputra and
Utsunomiya, 2021). Nevertheless, system performance and economic

* Corresponding author.
E-mail address: mukhtasor@oe.its.ac.id (Mukhtasor).

https://doi.org/10.1016/j.egyr.2026.109327

ficiency. It has been demonstrated that increasing warm seawater tem-
perature and reducing cold seawater temperature significantly improve
turbine inlet conditions, net power output, and overall efficiency (Kim
et al.,, 2016; Mao et al., 2023; Yang and Yeh, 2014). Heat exchanger
design optimization, including geometric refinement and surface
enhancement, has been shown to increase net power density while
reducing entropy generation (Fontaine et al., 2025). Solar-assisted OTEC
concepts have been proposed to elevate the temperature of the warm
seawater inlet, thereby enhancing system efficiency and energy output
under certain climatic conditions (Prasad et al., 2025; Rami and Allouhi,
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Fig. 1. Closed Cycle OTEC System.

2024; Wang et al., 2024). Additionally, pressure energy recovery sys-
tems and alternative thermodynamic configurations have been proposed
to enhance overall system efficiency (Tian et al., 2024). These studies
collectively confirm that thermal gradient management and heat
exchanger performance are central to OTEC efficiency improvement.

Another major line of research concerns working fluid selection and
advanced system optimization. The choice of working fluid significantly
affects evaporation and condensation characteristics, turbine work, and
pumping requirements. Investigations into pure and mixed working
fluids, as well as fluid charging conditions, have demonstrated sub-
stantial impacts on thermal and exergy efficiency (Achkienasi et al.,
2024; Zhang et al., 2024; Zhou et al., 2025). In addition, recent studies
have increasingly integrated thermodynamic, economic, and exer-
goeconomic perspectives to evaluate system feasibility and cost distri-
bution across components.

Several recent works have focused on parameter sensitivity and
system performance under tropical ocean conditions. (Puryantini et al.,
2026) analyzed the influence of key efficiency parameters on the net
power output of a 10 MW ORC-based OTEC system using Aspen Plus.
Their results showed that turbine efficiency is the dominant factor
affecting net power, followed by seawater pump efficiency, while vari-
ations in seawater temperature had a limited effect when flow rates were
kept constant. Similarly, (Rasgianti et al., 2024b) conducted sensitivity
analysis under Indonesian ocean conditions and confirmed the strong
dependence of net power output and system efficiency on thermal gra-
dients and heat exchanger configuration. These findings highlight the
importance of component-level optimization in addition to site-specific
thermal assessment.

Working fluid selection has also been examined through compre-
hensive evaluation frameworks that consider not only thermodynamic
performance but also safety, environmental impact, and equipment
implications. (Adiputra et al., 2025) performed a multi-stage assessment
of candidate working fluids and identified ammonia as the most suitable
option for OTEC systems. This result reinforces the importance of inte-
grated performance evaluation, as working fluid choice directly in-
fluences cycle efficiency, component sizing, and overall economic
feasibility.

Hybrid OTEC systems integrated with desalination processes have
been explored to enhance overall resource utilization and improve
economic competitiveness (Azmi et al., 2024). In parallel, artificial in-
telligence models and multi-objective optimization techniques have
been applied to optimize turbine parameters, condenser configurations,
and overall system performance, often balancing thermal efficiency with

economic indicators such as LCOE (Chung and Wu, 2024a, 2024b).
Experimental and prototype-scale investigations, including 1 kW and
50 kW systems, have further validated thermodynamic modeling results
and provided insights into real operational behavior (Lu et al., 2024;
Zhang et al., 2025).

Beyond thermodynamic and component-level improvements, struc-
tural and mechanical aspects of the Cold Water Pipe (CWP) have
received considerable attention. As the CWP connects surface platforms
to deep cold seawater sources, its structural integrity is critical for safe
and reliable operation (Al Kautsar et al., 2025). Finite element studies
have optimized stiffening systems and reinforcement geometry to
improve load resistance and bending performance (Rasgianti et al.,
2024a). Coupled dynamic analyses have revealed significant in-
teractions between floating platforms, mooring systems, and long CWPs
in deep-water environments (Hisamatsu and Utsunomiya, 2024).
Additionally, heat transfer along extended CWPs has been shown to
increase cold seawater temperature before reaching the condenser,
thereby reducing the effective thermal gradient (Firmansyah et al.,
2024; Mao et al., 2023). These findings highlight that deeper intake
depths may improve temperature differentials but simultaneously
introduce structural, hydraulic, and thermal challenges.

From an economic standpoint, techno-economic assessments have
evaluated capital expenditure (CAPEX), operational expenditure
(OPEX), and Levelized Cost of Electricity (LCOE) for large-scale OTEC
systems (IEA-OES, 2024; Langer and Blok, 2023). These studies consis-
tently indicate that heat exchangers, seawater pipelines, and floating
platforms dominate total investment costs. Earlier foundational works
also acknowledge that deeper cold seawater sources provide greater
temperature differences but increase installation complexity and life-
cycle costs (Avery and Wu, 1994; Martel et al., 2012; Nihous, 2007).
However, in many cases, intake depth is treated as a secondary
parameter rather than as a primary techno-economic design variable.

Based on the literature review, the depth of cold seawater intake
plays a crucial role in determining the temperature difference between
surface and deep seawater, which directly influences the thermody-
namic performance of OTEC systems. A larger temperature gradient
enhances cycle efficiency, increases Annual Energy Production (AEP),
and supports a stable Capacity Factor (CF). However, deeper intake
depths require longer CWPs, resulting in higher structural demands,
pumping power, and fabrication and installation costs. The selection of
intake depth therefore represents a fundamental trade-off between
thermal efficiency and infrastructure expenditure.

Although this trade-off has been widely recognized, comprehensive
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Fig. 2. Flowchart Analysis Steps.

depth-dependent analyses that simultaneously link vertical temperature
profiles, mass flow requirements, component sizing, CAPEX structure,
and LCOE remain limited, particularly for site-specific tropical envi-
ronments. To address this gap, the present study provides a depth-
resolved techno-economic assessment of OTEC feasibility in Manado
Bay, Indonesia. Using HYCOM-derived vertical temperature profiles,
five cold seawater intake depths (350, 400, 500, 600, and 700 m) are
systematically evaluated within a closed Rankine cycle framework
under a fixed 100 MW net power target. By explicitly linking intake
depth to thermodynamic performance, component sizing, and LCOE
outcomes, this study offers a site-specific perspective on intake-depth
optimization and provides practical guidance for large-scale OTEC
deployment in tropical coastal regions.

2. Methodology
2.1. Research flow
The performance of an OTEC system depends on several important

factors, including system design, component efficiency, and environ-
mental condition. The design process includes calculating mass and heat

balance to ensure the system works properly (Cong et al., 2025). The
choice of technology, such as heat exchangers, turbines, and working
fluids, affects how efficiently the system converts energy. Additionally,
the temperature difference between warm surface water and cold deep
seawater acts as the main energy source, directly impacting the system’s
output (Langer et al., 2022). These factors together determine how well
an OTEC system can operate.

To achieve the most optimized performance, the system must be
analyzed based on key parameters such as capacity factor and energy
production. (Shi et al., 2023). These values help measure how reliable
and efficient the system is over time. However, performance alone is not
enough—economic factors must also be considered. The financial
feasibility of an OTEC system depends on investment costs, operational
expenses, and the potential income from electricity production
(Tobal-cupul et al., 2022). Since technical performance and economic
viability are closely connected, they should be studied together to pro-
vide a complete evaluation.

There are different thermodynamic cycles that can be used for OTEC
technology. In general, OTEC systems are divided into three types: Open
Cycle, Closed Cycle, and Hybrid Cycle (Aresti et al., 2023). The Open
Cycle uses seawater as both the working fluid and the energy source,
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also producing fresh water as a byproduct. The Closed Cycle, in contrast,
uses a separate working fluid, such as ammonia, which moves through a
closed-loop system. The Hybrid Cycle combines features from both Open
and Closed Cycles, improving efficiency and generating additional fresh
water. Each system type has its own strengths and weaknesses,
depending on its intended use and environmental conditions.

In this study, the Closed Rankine Cycle is chosen as the basis for
performance calculations because of its efficiency, ability to be scaled
up, and suitability for offshore applications. The research process fol-
lows a structured method, as shown in Fig. 2, which outlines the steps for
performance analysis. This includes defining system parameters,
running thermodynamic simulations, estimating energy output, and
assessing financial feasibility. By following this approach, both technical
and financial aspects are considered, allowing for a thorough evaluation
of OTEC as a renewable energy solution.

The flowchart illustrates the step-by-step process for evaluating the
performance and economic value of an OTEC system. The process begins
with inserting seawater temperature data, followed by entering the
technical parameters of the OTEC system. Since seawater characteristics
vary with depth, data for 350, 400, 500, 600, and 700 m are considered.
Depths below 350 m are excluded because the temperature difference
between surface and deep seawater at those levels is still less than 20°C,
which is insufficient to operate the OTEC system effectively. The initial
mass flow rate of the working fluid is set, and the performance of the
system is analyzed by calculating heat transfer in the evaporator and
condenser, working fluid enthalpy, and temperature changes. To ensure
the system meets the target net power output, a looping process is
applied: if the calculated heat transfer in the evaporator and condenser
does not result in the desired power output, the mass flow rate of the
working fluid is increased incrementally by 10 in each iteration. This
process continues until the power target is reached, ensuring efficient
system performance under varying seawater conditions.

A key goal of the analysis is to achieve a net power output of
approximately 100 MW. If the calculated power output is below this
target, the mass flow rate of the working fluid is increased iteratively
until the desired output is reached. Additionally, seawater flow rate and
pressure drop are calculated to understand the energy consumption in
the system. Any errors in the calculations, such as inconsistencies in heat
transfer values, are corrected to improve accuracy. This iterative
approach ensures that the model accurately represents the real-world
performance of an OTEC system.

Once the system performance is determined, economic analysis is
conducted. The collected data is stored, and economic parameters, such
as capital expenditure (CAPEX) and operational expenditure (OPEX),
are analyzed. The cost of each system component is calculated, and the
annual electricity production is estimated. The Levelized Cost of Elec-
tricity (LCOE) method is used to assess the overall economic feasibility
of the OTEC system. This approach helps determine whether the system
is cost-effective and competitive compared to other renewable energy
sources. Additionally, a sensitivity analysis is performed to evaluate the
impact of changes in CAPEX and OPEX on the resulting LCOE, providing
insights into the system’s economic robustness.

2.2. Site description

The potential for renewable energy development from OTEC in
Indonesia is significant due to its warm surface waters and deep cold
seawater, which create the necessary thermal gradient for energy con-
version. According to INOCEAN (2012), Indonesia has a theoretical
OTEC resource of 4247,389 MW, but only a fraction is technically and
practically feasible. The technical resource is estimated at 136,669 MW,
while the practical resource—considering economic, environmental,
and operational factors—is around 41,001 MW. These figures highlight
Indonesia’s potential for developing OTEC as a renewable energy
source.

Several regions in Indonesia have deep-sea conditions suitable for
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North Sulawesi, Indonesia
Manado Bay

Fig. 3. Location Map in Manado Bay.

Table 1
Detail Locations.

Loc. CWP Length Coordinates Distance to Shore
Longitude Latitude

1 350 m 124.597886° 1.471397° 5.9 km

2 400 m 124.596653° 1.476390° 6.6 km

3 500 m 124.595634° 1.486041° 7.79 km

4 600 m 124.593364° 1.494449° 8.91 km

5 700 m 124.592016° 1.508962° 10.7 km

OTEC, including the North Sulawesi Sea, North Bali, North Lombok, the
Banda Sea, the Makassar Strait, and the Morotai Strait, as well as parts of
Papua. These locations offer ideal conditions for OTEC power plants due
to their stable temperature gradients. In this study, Manado Bay in North
Sulawesi has been chosen as the case study site due to its deep waters
and favorable oceanographic conditions, making it a promising location
for assessing OTEC feasibility in Indonesia.

In determining the performance of the OTEC system in this report,
the discussion focusing on three key parameters: net power output, cycle
efficiency, and mass flow rate requirements. These parameters are
evaluated based on different deep seawater depths, which directly
impact the temperature difference used for energy conversion. A greater
depth typically results in colder seawater, which can improve the sys-
tem’s efficiency by increasing the thermal gradient. This study considers
five cold seawater depths—350, 400, 500, 600, and 700 m—to examine
how variations in deep seawater temperature affect the overall perfor-
mance of the OTEC system.

The temperature difference between surface and deep seawater plays
a crucial role in determining the efficiency of the OTEC cycle. As the
depth increases, the temperature of the deep seawater decreases, which
enhances the thermal gradient and potentially improves energy con-
version efficiency. However, using deeper seawater also presents chal-
lenges, such as increased infrastructure costs, particularly due to the
longer CWP required. To better understand these factors, this report
provides a detailed comparison of different seawater depths and their
impact on system performance.

Fig. 3 and Table 1 present detailed information for each location,
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Fig. 4. Temperature Gradient for Each Location.

including temperature gradients and distances from shore, which range
between 5 and 10 kilometers. Due to limitations in the available HYCOM
data, the intake depth for cold seawater could not always match the
seabed depth obtained from Indonesia’s national bathymetric data.
Instead, the selected locations were based on the closest available cold
seawater intake depth from the dataset. Data were collected at multiple
depth levels rather than relying on a single fixed depth, allowing for a
more comprehensive analysis. This approach was adopted because the
distance from shore influences the economic feasibility of OTEC sys-
tems, particularly in relation to energy transmission and infrastructure
development. Fig. 4 illustrates seawater temperature variations at
different depths, providing a clearer view of the potential efficiency
gains and trade-offs when determining the optimal cold seawater intake
depth for OTEC operations.

The temperature profiles used in this study are derived from HYCOM
model outputs, which are widely applied in regional oceanographic
assessments. While model-based datasets inherently involve a certain
level of approximation compared to direct field measurements, they
provide consistent spatial and vertical coverage that is suitable for
preliminary techno-economic evaluation. This consistent dataset allows

for a systematic comparison between locations and supports a robust
assessment of thermal potential and economic feasibility.

Fig. 5 illustrates the temperature fluctuations observed at different
water depths, specifically at 20 m (representing the intake for warm
seawater), 350 m, 400 m, 500 m, 600 m, and 700 m (representing the
intake for cold seawater). The data were collected over a one-year
period, from January 1, 2023, to December 31, 2023. The figure re-
veals that temperature fluctuations occurred consistently throughout
the year across all depths. These fluctuations were relatively minor, with
variations of approximately 2°C. At a depth of 20 m, seawater temper-
atures ranged from 28.031°C to 30.162°C. At 350 m, temperatures
varied between 6.758°C and 9.007°C. At 400 m, the range was from
5.905°C to 8.212°C, while at 500 m, temperatures fluctuated between
5.042°C and 6.988°C. At 600 m, the range narrowed to 4.343°C to
6.452°C, and at 700 m, it decreased further to between 3.540°C and
5.917°C.

Fig. 6 displays the annual variations in temperature differences
measured at several depths designated for cold seawater intake. These
temperature differences were calculated by subtracting the cold
seawater temperatures from those recorded near the surface.
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Throughout the year, all depths showed relatively consistent fluctua-
tions, with slight increases or decreases depending on seasonal and
environmental factors. At 350 m, the temperature difference ranged
from 19.999°C to 22.884°C. At 400 m, the values were slightly higher,
between 20.659°C and 24.339°C. Moving deeper, the range at 500 m
extended from 21.563°C to 25.187°C. At 600 m, the temperature dif-
ference increased further, ranging from 22.099°C to 25.895°C. The
largest differences were observed at 700 m, where values ranged from
22.634°C to 26.603°C. These figures indicate that, while temperature
differences fluctuate over time, they remain within a relatively narrow
band at each depth, providing useful data for evaluating cold water
intake options.

In addition to the observed fluctuations, the annual average tem-
perature differences at various depths provide a clearer view of the long-
term thermal profile. At 350 m, the yearly average is 21.51°C, with
monthly values ranging from 20.94°C to 22.08°C, indicating a typical
variation of about +0.57°C. At 400 m, the average rises to 22.72°C,
while monthly differences fall between 21.98°C and 23.38°C, showing a
fluctuation of approximately +0.70°C. At 500 m, the annual average
reaches 23.70°C, with monthly readings ranging from 23.01°C to

24.37°C, or roughly +0.68°C. At 600 m, the average increases to
24.31°C, and monthly values range from 23.62°C to 25.08°C, giving a
variation of about +0.73°C. The highest average is found at 700 m,
where the mean temperature difference is 24.93°C and monthly values
range between 24.23°C and 25.79°C, resulting in a fluctuation of around
+0.78°C. These values offer insight into the stability and consistency of
thermal conditions at depth throughout the year.

3. Assessment procedures
3.1. Technical assessment

The cycle performance of an OTEC system is based on how much heat
can be extracted from seawater by the OTEC system. In the Rankine
Cycle, the main responsibility of heat exchange is carried out by the heat
exchanger. In the Rankine Cycle, two heat exchangers are used, which
have different functions. One heat exchanger functions as an evaporator
to convert the working fluid into saturated vapor form by utilizing
seawater heat. While the other heat exchanger functions as a condenser
which functions to convert the working fluid back into saturated liquid.
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Total heat transfer in both heat exchangers can be calculated with the
following equation:

Q. =mwr(h —h4) (€Y
Q = UA(ATm,) ®)
Q= mwscpws(Twsi — Tuso) 3
Q= myr(hy —hs3) )
Q = UA(ATm,) 5)
Q. =mescpes(Teso — Tesi) ®)
where:

Q.. = Total heat transfer in evaporator and condenser (kW)

myr= mass flow rate work fluid (kg/s)

mcsws = mass flow rate cold seawater and warm seawater (kg/s)

h= Enthalpy of working fluid at each point (kJ/kg)

cpws.cs = Specific heat of seawater (kJ/kg.K)

ATm, . = Temperature changes in the evaporator and condenser (K)

Tesio= Cold seawater temperature at condenser inlet and outlet (K)

Tywsio= Temperature of warm seawater at evaporator inlet and outlet
X)

The performance of the Rankine Cycle in the LPP system is strongly
influenced by the temperature of the working fluid in the cycle. As
shown in Fig. 7, the enthalpy value at each point in the Rankine Cycle is
based on the working fluid temperature at each point. Where points 1
and 3 are working fluid conditions in the evaporator and condenser,
while points 2 and 4 are in the turbine and working fluid pump.

The temperature of the working fluid in both heat exchangers (points
1 and 3) is determined using the Logarithmic Mean Temperature Dif-
ference (LMTD). Where the determination of the working fluid tem-
perature using LMTD is calculated using changes in seawater
temperature after passing through the heat exchanger. The calculation
of the working fluid temperature at points 1 and 3 is formulated as Eqs. 7
and 8.
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where:

T, 3= Working fluid temperature at evaporator and condenser (K)

As shown in Fig. 7, the enthalpy values at points 1 and 3 are on the
ideal working fluid enthalpy line. Therefore, the enthalpy value at these
two points can be known by adjusting the temperature and thermody-
namic properties of the working fluid. While the enthalpy values at
points 2 and 4 are slightly outside the ideal working fluid line. On this
basis, the enthalpy values at points 2 and 4 need to be calculated
separately. The enthalpy value at point 2 is calculated by comparing the
decrease in vapor quality after the working fluid has passed through the
turbine (x2). The calculation of the enthalpy of the working fluid after
going through the turbine is formulated as follows:

S =81 10
Xz = (S — $21) /(55 — $3) (1)
hoi = xaily + (1 — x:)h3 12)
hy = hy — (hy — hai)iy 13)
where:

s= Entropy of the working fluid at each point (kJ/kg.K)

v= Specific volume of working fluid at each point (m>/kg)

ny = Turbine Efficiency

The enthalpy of the working fluid at point 4, or after passing through
the working fluid pump, is dependent on changes in working fluid
pressure and pump efficiency. At point 4, the greater the working fluid
pressure after passing through the pump, the greater the enthalpy value
will be. The calculation of the working fluid enthalpy at point 4 is
formulated by the following equation:

P,=P; 14

hsi = hs +v3(P4 —P3) (15)

hy = hs +M 16)
Npwr

where:

11pwr = Working fluid pump efficiency

In addition to the enthalpy value of the working fluid, the total net
power output is also affected by the pressure drop of seawater while
traveling through the pipe. The pressure drop is strongly influenced by
the mass flow rate of seawater while traveling through the pipe. The
determination of seawater mass flow rate requirements follows the heat
transfer requirements to achieve the target system capacity. As
demonstrated in Eqs. 3 and 6, seawater mass flow rate can be formulated
as follows:

Qe,c

CP.WS.CS(Twsi,cso - wao‘csi)

Mys cs a7

The pressure drop calculation is done by comparing the pipe
roughness coefficient factor with the pipe diameter. Where in this
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report, the pipe roughness coefficient is calculated using the Colebrook
equation as listed in Eq. 19.

_ Lws uepv®
APy =f—=0 (18)
where:
f = Pipe roughness coefficient factor
1 2.51 k
=—F=-2log|— =+~ (19)
\/f Rewp \/f 3.7D

D = Pipe Diameter (m)

lws.cs= Length of seawater pipe (m)

Rewp = Reynolds Number

k = Pipe roughness coefficient (m)

The calculation of net power output in OTEC is based on the amount
of power generated by the generator (W) minus the amount of power
needed to run the working fluid pump (Wp), warm seawater (Wp ws),
dan cold seawater (Wp ¢s). Meanwhile, the efficiency value of the OTEC
system is determined from the total net power output divided by the
heat transfer in the evaporator. The calculation of net power output and
efficiency of the OTEC system is formulated as follows:

Wigr = We — (Wewr + Waws + Was) (20)
N = W(’szT @1
Wo = myp(hy — ha)npig (22)
Wewr = myr(hai — hs)/ﬂp.WF"IM (23
Wecs = MesAPcs / pesilp sw (24)
Wpws = mysAPys / Pwsllp.sw (25)

Furthermore, to calculate the exergy efficiency or the potential en-
ergy that can be utilized in the OTEC system, the following equation is
used.

(mcp)
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n

D Wi (28)

i=1

AEP =

where W, ;is the net power output at hour i, and nis the total number of
operating hours in one year (8760 h).

After obtaining the AEP value, the Capacity Factor (CF) can be
determined. The CF is an important indicator of plant performance, as it
reflects the ratio between the actual annual energy produced and the
maximum possible energy generation if the plant operates continuously
at its rated capacity. A higher CF indicates that the plant operates closer
to its design capacity over time, which generally implies better eco-
nomic performance. Mathematically, CF is calculated using Eq. (29):

AEP

= 100% 29
Rated Power x n X ? 29

where Rated Power is the nominal maximum output of the plant
(100 MW in this study), and nis the total number of operating hours in a
year.

Although the temperature fluctuations observed throughout the year
are approximately 2°C, their impact on annual average efficiency is
moderated by the relatively stable thermal gradient in tropical waters.
Since the AEP calculation is based on hourly data, the influence of short-
term temperature variations is inherently accounted for in the annual
performance evaluation. As a result, the reported annual efficiency
represents the integrated effect of these hourly variations rather than a
single averaged temperature assumption.

Unlike the general system performance analysis, where key param-
eters are kept constant for comparison purposes, the economic analysis
adopts a variable working fluid mass flow rate to ensure that the system
at each intake depth achieves the target net power output of 100 MW. In
addition, the heat exchanger surface area is adjusted according to the
required thermal duty. As the cold seawater intake depth increases, the
temperature difference becomes larger, reducing the required heat
exchanger area and contributing to changes in overall system cost.

3.2. System configuration

The techno-economic performance of the Ocean Thermal Energy

—

mc)
P)es

Exorc = (mcp), Twsi + (mcp)  Tesi — [(mcp)ws + (me,),, ] Tgvr;cp)wg+(m<3p)c$

WNET

Exorec

Nex,01EC = (27)

where:

Ey orec= Exergy OTEC (kJ)

Hex,orec= Exergy Efficiency OTEC (%)

(mep) .= mws * cpws

(me)CS: Mcs * Cpcs

Annual Energy Production (AEP) represents the total amount of
electrical energy generated by the power plant over one year. In this
study, the AEP is calculated using hourly net power output data derived
from the thermodynamic simulation for each hour throughout the year.
The hourly approach allows the model to capture temperature variations
and their influence on system performance more accurately. The AEP is
computed using Eq. (28):

T(ch)ws+(ch)cs (26)

Conversion (OTEC) system is evaluated using a steady-state closed-cycle
Rankine configuration with a target net power output of 100 MW. The
system consists of an evaporator, turbine-generator unit, condenser,
working fluid pump, and seawater pumping system. Ammonia (NHas) is
selected as the working fluid due to its favourable thermophysical
properties for low-temperature applications, including high latent heat
of vaporization and suitable saturation pressure within the typical OTEC
operating temperature range. The thermodynamic properties of the
working fluid are determined as functions of temperature and pressure
within the numerical model.

The evaporator and condenser are modelled as shell-and-tube heat
exchangers operating under steady-state conditions. Heat transfer in
both components is evaluated using the Logarithmic Mean Temperature
Difference (LMTD) method, and the overall heat transfer coefficient (U)
is assumed constant at 4.5 W/m?K to represent large-scale seawater heat
exchangers operating in marine environments. The working fluid tem-
perature at the evaporator and condenser outlets is determined based on
seawater inlet-outlet temperature differences. Seawater flow is assumed
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Table 2

Main Calculation Parameters.
Parameters Symbols Value
Generator efficiency (%) ng 95

Turbine efficiency (%) Ny 95

Working fluid pump efficiency (%) Np.wr 85
Seawater pump efficiency (%) Npsw 85
Thermal conductivity of heat exchanger (W/m?K) U 4.5
Depth of surface seawater (m) 10
Seawater velocity (m/s) 2
Maximum calculation difference (%) Qerror 5
Seawater pipe material density-HDPE (kg e m~3) P 995
Table 3
Validation Parameters (Kim et al., 2014).
Parameters Symbol Value
Power Generated by Generator (kW) Ws 20
Net Power Output (kW) Whier 5.1
Warm seawater at evaporator inlet (K) Tysi 299.29
Warm seawater at evaporator outlet (K) Twso 296.25
Cold seawater temperature at condenser inlet (K) Tesi 279.15

Cold seawater temperature at condenser outlet (K) Teso 282.25
Mass flow rate work fluid (kg/s) myr 3.5
Mass flow rate warm seawater (kg/s) Mys 82
Mass flow rate cold seawater (kg/s) mcs 43
Warm Seawater Pump Power (kW) Wp ws 7.5
Cold Seawater Pump Power (kW) Wecs 4.3
Thermal Efficiency (%) nr 2
Total heat transfer in evaporator (kW) Q. 1020
Working Fluid R-32

incompressible, and pressure drop along the intake pipe is calculated
using the Colebrook correlation to determine friction losses and pump-
ing power requirements.

The performance calculation of the OTEC system is conducted using
MATLAB software to ensure precise and reliable results. The calculation
program is developed directly from the governing thermodynamic and
heat transfer ensuring consistency with theoretical principles. MATLAB
is employed to perform iterative numerical calculations, particularly for
determining the working fluid mass flow rate required to achieve the
fixed net power target under varying deep seawater depth conditions.

To make the analysis applicable to different scenarios, several
configuration parameters are introduced to standardize the system
across all evaluated conditions. Important factors such as turbine
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efficiency, generator efficiency, pump efficiencies, heat exchanger per-
formance, seawater intake depth, and flow velocity are carefully
considered to ensure realistic and practical results. A convergence
tolerance of 5% (Qerror) is applied to ensure consistency in the energy
balance between heat transfer calculations and thermodynamic state
evaluations. The primary system parameters remain constant for all
configurations and are summarized in Table 2.

In addition to the primary system parameters, which are kept con-
stant for all configurations, this study also considers secondary envi-
ronmental parameters that are varied according to the cold seawater
intake depth. The main variable used in this variation is the deep
seawater temperature, which changes with depth and geographical
location. The temperature values presented in Section 2.2 are used as
input data for each depth scenario in the simulation process. In this
study, heat loss along the Cold Water Pipe (CWP) up to a depth of 700 m
is assumed to be negligible due to the relatively stable deep-sea tem-
perature profile and the high flow velocity, which limits heat transfer
from the surrounding environment. This assumption is supported by
previous studies stating that heat loss in CWP systems can be neglected
when low thermal conductivity materials and adequate insulation are
used (Firmansyah et al., 2024), which is consistent with the use of deep
seawater pipes made of HDPE in this study due to its low thermal con-
ductivity. The assumption is also considered valid for pipe depths of up
to approximately 900 m) (Mukhtasor et al., 2024) as well as for
moderate-length pipe configurations in computational OTEC studies
(Aresti et al., 2025).

The analysis is conducted by varying the cold seawater intake depth
to evaluate changes in system operating conditions. Temperature vari-
ations due to depth differences are incorporated into the calculation of
the thermal gradient between surface and deep seawater, which serves
as the basis for the thermodynamic performance analysis. This param-
eter is then integrated into the calculation of the working fluid ther-
modynamic states, required seawater mass flow rate, pumping power
consumption, net power output, system efficiency, exergy efficiency,
and the estimation of the levelized cost of electricity (LCOE).

The heat exchanger design is modeled by considering the available
temperature difference for each depth scenario. The heat exchanger
surface area is calculated based on the required heat transfer rate to
achieve the target system capacity of 100 MW. With this approach, the
methodology enables a systematic evaluation of different cold seawater
intake depths within both thermodynamic and economic assessment
frameworks of the OTEC system.

23 26 °C 86.68 kg/s
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1088 kW g
x=1 L{P])1515 kPa
Tear = 20.98 °C
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Fig. 8. Design thermodynamic heat cycle OTEC 20 kW (Kim et al., 2014).
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Table 4
Validation Result.
Parameters Symbol  Experiment Numerical Error
(%)
Power Generated by We 20 18.9 5.50
Generator (kW)
Net Power Output (kW) Whier 5.1 5.1 0.00
Mass flow rate work fluid Mwr 3.5 3.5 0.00
(kg/s)
Mass flow rate warm seawater ~ mys 82 86 4.88
(kg/s)
Mass flow rate cold seawater mcs 43 40 6.98
(kg/s)
Warm Seawater Pump Whws 7.5 7.7 2.67
Power (kW)
Cold Seawater Pump Power Wpcs 4.3 4.3 0.00
(kW)
Total heat transfer in Q. 1020 1039 1.86

evaporator (kW)

3.3. Numerical validation

Before being used for further analysis, the thermodynamic model
developed in MATLAB was first validated to ensure the accuracy of the
calculations. The validation process was conducted based on the study
by (Kim et al., 2014), which investigated a single Rankine cycle OTEC
system with a capacity of 20 kW through both numerical and experi-
mental approaches. In that study, the numerical analysis was used as the
basis for designing the OTEC system, which was later implemented as an
experimental prototype. The main parameters used as validation refer-
ences in this study were obtained from the experimental data presented
in Table 3, particularly those related to power output and operating
conditions. Several input parameters that were not explicitly available in
the experimental report were determined based on the numerical anal-
ysis from the previous study, as illustrated in the thermodynamic dia-
gram shown in Fig. 8. The design parameters applied in the validation
process include a pump efficiency of 65%, a turbine efficiency of 85%,
and a generator efficiency of 90%.

With the adjusted parameters, the numerical results presented in
Table 4 show good agreement between the simulation outcomes and the
experimental data. The error values obtained are below 10% for the
main compared parameters, which is still within an acceptable range for
thermodynamic system modelling. Therefore, the developed model can
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be considered validated and suitable for further analysis and extended
studies. Furthermore, the validated thermodynamic diagram is pre-
sented in Fig. 9 to illustrate the consistency between the numerical re-
sults and the reference study.

3.4. Economic assessment

The significant financial investment required, particularly for each
individual component, represents a significant obstacle to the
advancement of OTEC systems. In general, OTEC cost elements fall into
six major categories: (1) platform and mooring system, (2) generator, (3)
heat exchanger, (4) seawater pipeline, (5) power transmission, (6)
installation (Upshaw, 2012). To date, no industrial-scale OTEC systems
have been successfully developed. The few OTEC power plants that have
been successfully operated have only reached pilot capacity, such as the
105 kW Makai OTEC (Makai Ocean Engineering, 2020), OTEC 100 kW
in Okinawa (Liu et al., 2020), as well as KRISO 1 MW OTEC (G. Pet-
terson and Ju Kim, 2020).

Although capital expenditure (CAPEX) is incurred only at the initial
construction of an OTEC system, it represents the highest investment
value of OTEC systems. Despite the absence of OTEC plants on an in-
dustrial scale, some researchers have attempted to estimate the CAPEX
value, particularly at a capacity of 100 MW. However, it should be noted
that the existing costs are only estimates, and thus, in this study, addi-
tional costs are used to determine the CAPEX value. Consequently, the
CAPEX,,; (USD) value can be determined using Eq. 30.

CAPEX,,; = CAPEX x (1 + eXtCApEx) (30)
where:

extcapex = Extra cost on CAPEX (%)

In addition to capital expenditure (CAPEX) costs, the investment
costs of an OTEC system also include the costs of daily operations,
maintenance, repair, and replacement of components, as well as labour
and supervision costs, which are represented as operational expenditure
(OPEX). The OPEX (USD) value is the most challenging economic value
to quantify for industrial-scale OTEC systems. Based on this, some re-
searchers propose that OPEX can be evaluated as a percentage of CAPEX.
Some researchers argue that OPEX has a value ranging from 1.4%
(Straatman and van Sark, 2008) and 2% (Oko and Obeneme, 2018) of
CAPEX.

As illustrated in Fig. 2, an economic value analysis was conducted
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1039 kW >
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o 10.97°C
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Fig. 9. Cycle Diagram Validation Result of OTEC 20 kW.
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Table 5
Price Parameters of Each Component of The OTEC System.

Parameters Price Scale  Ref. Size  Ref.

Turbine (USD/ 393 0.6 136 (Bernardoni et al.,
kWgross) 2019); (Langer and

Blok, 2024)

Heat exchanger 271 0.84 80 (Langer and Blok, 2024)
(USD/m2)

Pump (USD/ 1674 - - (Saadha et al., 2025)
kWpump)

Sea Water Pipe (USD/ 9 - — (Langer and Blok, 2024)
(gpipe))

Platform (USD/ 5359.45 0.35 28.1 (Bernardoni et al.,
kWgross) 2019)

Deployment (USD/ 876 - — (Langer and Blok, 2024)
kWgross)

Power Transmission 10.3*D + 68.7 - (Bosch et al., 2019)
(USD/kWgross)

Design & 3736 0.3 4 (Bernardoni et al.,
Management 2019); (Langer and
(USD/kWgross) Blok, 2024)

Extra Costs (% 3 (Saadha et al., 2025)
CAPEX)

OPEX (%CAPEX/ 3 (Saadha et al., 2025)
year)

Discount rate (%) 10 (Lu et al., 2025)

employing the levelized cost of electricity (LCOE) comparison method to
evaluate the economic value of OTEC systems with varying seawater
depths. LCOE (USD cent) is the minimum average price at which elec-
tricity needs to be sold to reach equilibrium with all project expenditures
at the end of its useful life (Visser and Held, 2014). In addition to the
previously described CAPEX and OPEX, the determination of the LCOE
value also employs the capital recovery factor parameter and annual
electricity production per year. The calculation of the LCOE value is
formulated as Eq. 31.

CRF x CAPEX,, + OPEX

LCOE = AEP

B

where:

CRF= Capital recovery factor

AEP= Annual electricity production (MW/year)

The capital recovery factor (CRF) value for OTEC system is affected
by the discount rate, as shown in Eq. 28. When calculating LCOE, the
discount rate (dr) can have a substantial effect on the outcome. In
addition to the discount rate, the projected life of the plant also de-
termines the CRF value of the OTEC system. In this study, a projected life
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of 30 years is used.

dr(1 + dr)"

CRF = ——————
(1+4dn)" -1

(32)

where:

n= Projected life of the plant (year)

dr= Discount rate (%)

To model the cost of each component, several researchers have
applied component-based cost estimation combined with scaling re-
lationships to determine CAPEX and OPEX for LCOE calculation. Large-
scale techno-economic studies use cost-scaling approaches to relate
equipment cost with plant capacity, pipeline length, pumping depth,
and thermal resource characteristics, allowing estimation of LCOE
across different regions and plant configurations (Langer and Blok,
2024). In regional case studies, advanced data analytics and machine
learning have also been used to forecast long-term temperature profiles
and support economic evaluation, including LCOE and payback period
estimation in specific geographic contexts (Rashid et al., 2024).

Recent work has further integrated thermo-economic and exer-
goeconomic frameworks to allocate costs to individual components
based on exergy destruction and capital investment distribution (Ciappi
et al., 2024; Lu et al., 2025). These frameworks enable identification of
the most cost-intensive subsystems, such as heat exchangers, pipelines,
and pumping units, and support targeted optimization strategies to
improve both technical performance and economic feasibility. In addi-
tion, component cost and scaling models have been coupled with
techno-economic assessments of combined systems, such as
OTEC-SWAC integration, revealing the effects of design parameters like
pipeline length and temperature gradients on LCOE (Saadha et al.,
2025).

Following these established approaches, the present study de-
termines the economic value of each OTEC component using reference
prices obtained from previously published sources. The component cost
breakdown and corresponding references are summarized in Table 5,
together with the parameters used for LCOE calculation. All component
costs are expressed in USD for the year 2026 to ensure consistency
throughout the analysis.

4. Results and discussion
4.1. System performance

The results of the OTEC system performance analysis under different
deep seawater intake depths show a clear relationship between intake
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Fig. 10. The Results of The Mass Flow Rate Requirement and Seawater Pipe Diameter of The OTEC System Based on Seawater Depth.

11



R. Adiputra et al.

Energy Reports 15 (2026) 109327

3600 42
—O— Working fluid

3300 4 3260 System efficiency| — 3.9
e ELLELD ~
%} 375 d36 2
3000 ~
< )
2 133 5
= =2
E 2700 g
= —430&
p g
% 2400 <

=27
2 &

2100 + 251 2160 424

1800 T T T T T T T T T T T T T T T T T 2.1

300 350 400 450 500 550 600 650 700 750
Depth (m)

Fig. 11. Results of Efficiency and Working Fluid’s Mass Flow Rate of The OTEC System Based on Seawater Depth.

depth and the main operational parameters of the system. As the depth
of cold seawater increases, the temperature difference between surface
and deep seawater becomes larger (see Fig. 6), which directly reduces
the required seawater mass flow rate. As shown in Fig. 10, both surface
and deep seawater mass flow rates decrease consistently with increasing
intake depth. This condition occurs because a higher thermal gradient
improves the effectiveness of heat transfer in the heat exchangers,
allowing the required thermal energy to be obtained with a smaller
volume of seawater while still achieving the targeted power capacity.
The figure also shows that, at every depth, the required mass flow
rate for surface seawater is consistently higher than that for deep
seawater. A particularly notable difference is observed when comparing
systems using cold water intake from 350 m and 400 m depths. The
mass flow rate for surface seawater drops by around 45,000 kg/s, while
that of deep seawater decreases by approximately 44,000 kg/s. Beyond
400 m, the changes become less significant. Between 400 m and 700 m,
the surface seawater mass flow rate decreases by only about 20,000 kg/
s, and the deep seawater flow rate reduces by around 9000 kg/s. This
indicates that although deeper intakes offer improvements, the most
substantial gains occur between shallower depths. This trend suggests
that the temperature reduction of deep seawater becomes progressively
smaller beyond 400 m, resulting in diminishing increments of the
thermal gradient. Consequently, the thermodynamic driving force for
heat transfer does not increase proportionally at greater depths, leading

to a reduced rate of performance improvement.

In line with the changes in mass flow rate, the required seawater pipe
diameter also decreases as deeper seawater is utilized. The pipe diam-
eter is determined based on the mass flow rate, considering a constant
seawater flow velocity of 2 m/s. Since a lower mass flow rate requires a
smaller volume of seawater to be transported, the pipe size must be
adjusted accordingly. However, despite the variation in mass flow rates,
the reduction in pipe diameter remains relatively small, with a
maximum difference of less than 1 m between different depth configu-
rations. For instance, the difference in pipe diameter between systems
using deep seawater intake depths of 400 m and 500 m is only 0.09 m,
which is quite minimal. This indicates that while deeper seawater re-
duces the required mass flow rate, it does not significantly impact the
infrastructure size, making deeper seawater an attractive option for
OTEC applications.

The depth of seawater used in an OTEC system plays a crucial role in
determining its efficiency and overall performance. As shown in Fig. 11,
system efficiency increases with deeper intake of cold seawater. This
pattern emerges because a larger temperature difference between sur-
face and deep seawater enhances the heat exchange process, enabling
more effective energy conversion. At a depth of 350 m, the system
reaches an efficiency of 2.51%. This value rises sharply to 3.26% at
400 m, marking a significant improvement. Beyond this point, the in-
crease becomes more gradual, with efficiencies of 3.50%, 3.57%, and
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Fig. 12. Results of Exergy Efficiency and Cold Water Pump Power of The OTEC System Based on Seawater Depth.
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Table 6
Summary of Component Sizes.
Component Depth (m)
350 400 500 600 700

Net Power Output (MW) 100.02 100.28 100.08 100.14 100.22
Power gross (MW) 102.34 102.27 102.16 102.29 102.44
Evaporator area (m?) 335000 305000 275500 240500 232500
Condenser area (m?) 335000 305000 275500 240500 232500
Working fluid pump power (MW) 1.44 1.42 1.42 1.39 1.37
Surface seawater pump power (MW) 0.23 0.12 0.11 0.11 0.11
Deep seawater pump power (MW) 0.65 0.45 0.55 0.65 0.74
Warm seawater mass flowrate (kg/s) 198200 153205 142527 139800 133356
Warm Seawater pipe diameter (m) 10 9.77 9.43 9.34 9.12
Warm seawater pipe length (m) 20 20 20 20 20
Cold seawater mass flowrate (kg/s) 186554 142683 132243 129496 123170
Cold seawater pipe diameter (m) 10 9.40 9.05 8.96 8.74
Cold seawater pipe length (m) 350 400 500 600 700
Seawater pipe thickness (m) 0.09 0.09 0.09 0.09 0.09
Seawater pipe density (kg/m®) 995 995 995 995 995
Warm seawater pipe weight (kg) 113038.24 110481.61 106586.39 105560.91 103110.54
Cold seawater pipe weight (kg) 1978169.24 2126601.47 2559531.96 3039411.32 3458614.76
Mass flowrate working fluid (kg/s) 3260 2500 2320 2270 2160

3.75% at depths of 500 m, 600 m, and 700 m respectively. The dimin-
ishing efficiency gain beyond 400 m can be explained by the stabiliza-
tion of deep seawater temperature at greater depths. While the initial
increase in depth significantly enlarges the thermal gradient, further
depth increments provide only marginal additional temperature differ-
ences. Since OTEC efficiency is fundamentally limited by the available
temperature difference, the thermodynamic benefit obtained from
deeper intake depths gradually decreases. These improvements, though
incremental, are meaningful for OTEC systems, as even slight efficiency
gains can lead to increased energy output and improved operational
reliability. The clear positive correlation between efficiency and intake
depth suggests that utilizing deeper seawater can be beneficial for
maximizing power generation, as long as technical feasibility and eco-
nomic considerations are also taken into account.

On the other hand, the mass flow rate requirement for the working
fluid decreases as the depth of deep seawater increases. This inverse
relationship occurs because improved system efficiency reduces the
amount of working fluid needed to produce the same level of power
output. As shown in Fig. 11, the working fluid mass flow rate at a depth
of 350 m is approximately 3260 kg/s, then drops significantly to around
2500 kg/s at 400 m. Compared to the seawater mass flow rate, which
shows larger variations across depths, the reduction in working fluid
flow becomes relatively minor beyond 400 m. This behaviour is
consistent with the observed efficiency trend, where the major ther-
modynamic improvement occurs between 350 m and 400 m, while
deeper intakes contribute only incremental performance gains. How-
ever, optimizing this parameter remains important, as the working fluid

flow rate directly affects the size and cost of heat exchangers, turbines,
and other key OTEC components. By selecting an appropriate deep
seawater intake depth, the system can maintain a balance between
improved efficiency and reduced working fluid requirements, support-
ing a more sustainable and cost-effective OTEC operation.

In addition, the depth of cold seawater intake also affects the
required pumping power of the cold seawater pump. In general, the
pump power demand shows an increasing trend as the intake depth
increases. This can be observed at a depth of 400 m, where the pump
power requirement is 0.454 MW, and it increases to 0.547 MW at
greater depths (see Fig. 12). The trend indicates an almost linear in-
crease with depth. This occurs because a deeper intake requires a higher
pump head to deliver seawater to the surface, resulting in greater power
consumption.

On the other hand, the depth of deep seawater intake also influences
the exergy efficiency of the system. As shown in Fig. 12, the exergy ef-
ficiency at 350 m is 22.241%, then increases significantly to 29.152% at
400 m, and continues to rise to 33.786% at 700 m. The improvement in
exergy efficiency is mainly affected by the lower temperature of deep
seawater at greater depths and the reduced mass flow rate requirement.
As the intake depth increases, the deep seawater temperature becomes
lower, leading to a larger temperature difference (AT) between surface
seawater and cold seawater. This condition enhances the thermal energy
utilization of the system. In addition, the lower required mass flow rate
allows the available energy to be used more effectively, resulting in
higher exergy efficiency.

The significant increase in efficiency between 350 and 400 m is

Table 7

Estimated Cost for Each Component in Thousand USD, 2026.
Parameters Depth (m)

350 400 500 600 700

Turbine 11928.74 11924.22 11916.48 11925.54 11936.18
Evaporator 87277.52 79469.66 71795.68 62661.93 60563.13
Condenser 87277.52 79469.66 71795.68 62661.93 60563.13
Working fluid pump 2412.71 2380.31 2374.42 2322.35 2299.70
Surface seawater pump 196.57 196.57 189.58 187.77 183.39
Deep sea water pump 1095.11 761.08 915.93 1087.69 1237.64
Surface seawater pipe 994.33 994.33 959.28 950.05 927.99
Deep Sea water pipe 17803.52 19139.41 23035.79 27354.70 12796.87
Platform 236751.49 236699.12 236609.45 236714.36 236837.59
Installations 89648.36 89591.71 89494.78 89608.20 89741.54
Design & Management 39523.95 39516.46 39503.62 37392.50 39536.27
Power Transmission 30.16 45.70 53.99 62.28 70.57
Total 574939.97 560188.21 548644.68 532929.29 516694.02
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Table 8
The Results of The Calculation of The Economic Value of The OTEC System at Each Depth.
Parameters Depth (m)
350 400 500 600 700
Net Power Output (MW) 100.02 100.28 100.08 100.14 100.22
Power gross (MW) 102.34 102.27 102.16 102.29 102.44
Project life time (year) 30 30 30 30 30
Extra Costs (%CAPEX) 3 3 3 3 3
OPEX (%CAPEX/year) 3 3 3 3 3
Discount rate (%) 10 10 10 10 10
CRF 0.11 0.11 0.11 0.11 0.11
CF (%) 99.98 99.92 99.51 99.44 99.43
AEP (MWh) 875882.6 869866.4 871762.7 871135.7 871068.6
CAPEX (USD, 2026) 592188.2 576993.9 565104.0 548917.2 532194.8
OPEX (USD, 2026) 17765.6 17309.8 16953.1 16467.5 15965.8
LCOE (USD cent, 2026) 9.20 9.03 8.82 8.57 8.31
* in thousand dollars except for LCOE
mainly due to the considerable drop in deep seawater temperature
c1s . 620 9.4
within this depth range. Beyond 400 m, the temperature decrease be-
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contrast, at 700 m, the most significant variation is found in the esti-
mated weight of the cold water pipe, which increases along with the
depth. These variations in component sizes and characteristics ulti-
mately result in different CAPEX values across each depth scenario.

Once the size of each component needed to achieve the target net
power output of 100 MW has been determined, the next step is to esti-
mate the cost of each component, which will be used to calculate the
total CAPEX. The cost estimation is based on the component size in
Table 6 and the unit price references listed in Table 5. The estimated cost
for each component is presented in Table 7. As shown in the table, and as
previously discussed, the system at a depth of 350 m requires a larger
heat exchanger area, which makes the cost of that component signifi-
cantly higher than at other depths. For most other components, the cost
increases slightly with greater depth. Similarly, for the Cold Water Pipe
(CWP), the increase in depth directly raises the estimated structural
weight, resulting in higher costs as depth increases. This leads to a more
significant contribution of pipe cost in configurations with greater
intake depths.

4.2.2. LCOE calculation

The economic analysis of the OTEC system highlights an important
trend: as the depth of seawater intake increases, both the capital
expenditure (CAPEX) and the levelized cost of electricity (LCOE)
decrease. This indicates that utilizing deeper seawater sources offers a
more cost-effective solution for power generation, even though certain
components such as deep seawater pumps and pipes may require slightly
higher investments.

As shown in Table 8, the CAPEX at a depth of 700 m is significantly
lower than at shallower depths, with a reduction of 60 million USD
compared to the 350 m system. The CAPEX reduction between 350 m
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Fig. 13. Difference in CAPEX and LCOE Values at Each Depth.

and 400 m as well as between 600 m and 700 m is relatively small,
around 16 million USD. In contrast, the reductions between 400 m and
500 m, and between 500 m and 600 m, amounting to 11 million USD
and 17 million USD. These differences suggest that the most impactful
cost savings occur within specific depth ranges. This pattern indicates
that the economic performance of the system is highly sensitive to
depth-dependent thermal improvements within certain intervals, rather
than responding linearly to increasing intake depth. The non-uniform
reduction in CAPEX reflects the combined influence of thermodynamic
efficiency gains and component sizing requirements, particularly in the
heat exchange system.

The overall decline in CAPEX is primarily attributed to the reduced
cost of key thermal components, particularly evaporators and con-
densers (see Table 7), which are critical to the energy conversion process
in OTEC systems. Although some elements, such as the platform,
installation, and management costs, tend to slightly increase with depth
(as also indicated in Table 7), the general CAPEX trend continues to
decrease. This suggests that reductions in heat exchanger size and
associated working fluid flow requirements have a stronger economic
impact than the incremental structural costs associated with deeper
installations. In other words, the thermodynamic benefits gained from
increased temperature differences outweigh the additional mechanical
and installation costs. This analysis reinforces the importance of opti-
mizing the selection and configuration of thermal exchange components
to enhance the financial feasibility of OTEC power plants.

The LCOE, which represents the cost of generating electricity over
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Table 9
CAPEX and OPEX Variation Scenarios.

Parameters Variation

CAPEX adjustment (%)
OPEX (%CAPEX)

-20, —15, —10, -5, 5, 10, 15, 20
2,4, and 6

the lifetime of the plant, also follows a decreasing pattern with
increasing seawater depth. Although the reduction in LCOE from 350 m
to 700 m is approximately 0.9 USD cent/kWh, this difference corre-
sponds to nearly 10% of the total LCOE. When projected over the plant
lifetime and large-scale electricity production, the cumulative economic
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impact becomes substantial. A lower LCOE implies that the plant can
generate electricity at a more competitive price, making OTEC a more
attractive renewable energy option for commercial implementation.
However, the gradual reduction in LCOE at greater depths indicates
diminishing economic returns, as the additional efficiency gains become
progressively smaller. Since net power output remains relatively con-
stant across depths, the primary driver of LCOE reduction is the decrease
in capital cost rather than a substantial increase in annual energy
production.

Fig. 13 illustrates the trend of decreasing LCOE and CAPEX values
with increasing seawater intake depth. The most significant reduction in
LCOE occurs between deep seawater intake depths of 400 m to 500 m
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Fig. 14. Effect of Cost Component Changes at Different Water Depths: (a) 350 m; (b) 400 m; (c) 500 m; (d) 600 m; and (e) 700 m.
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Fig. 14. (continued).

and 500 m to 600 m. This reduction is primarily driven by an increase in
the annual energy production at 500 m depth (see Table 9), which en-
hances the denominator in the LCOE calculation (Eq. 31) and thereby
lowers the resulting value.In contrast, the reduction in LCOE between
350 m to 400 m and 600 m to 700 m is relatively smaller due to the
limited CAPEX difference observed in those intervals. The figure also
shows that the CAPEX reduction rate remains relatively consistent
across increasing depths. These findings suggest the presence of an
economically favorable depth range, beyond which further increases in
intake depth provide only marginal financial improvement. Therefore,
the optimal design depth should be determined not solely based on
maximum efficiency, but on the balance between thermodynamic gains
and incremental investment costs.

4.2.3. Sensitivity analysis
4.2.3.1. Components cost sensitivity. In this analysis, the investment cost

of each component was varied by +20%, while the other components
were maintained at their baseline values during each variation. This

16

procedure was applied individually to all main components and
repeated for all investigated deep seawater depths, namely 350 m,
400 m, 500 m, 600 m, and 700 m. The purpose of this analysis was to
evaluate the influence of each component on the LCOE and to identify
the components with the strongest impact. The results are presented in
the tornado charts in Fig. 14.

The results show that the platform cost is the most influential
component at all water depths. A + 20% change in platform cost leads to
approximately +8% to +9% variation in LCOE. This impact is signifi-
cantly larger than that of any other component. In addition, the effect
slightly increases as the water depth becomes deeper, with the highest
influence observed at 700 m. This trend can be explained by the higher
structural requirements and material usage needed for deeper in-
stallations, which increase the overall capital cost of the platform.

The second most influential components are installation, condenser,
and evaporator. A &+ 20% variation in installation cost results in about
+3% to £3.5% change in LCOE. The influence of installation cost also
slightly increases with depth, likely due to more complex offshore op-
erations in deeper waters. The condenser and evaporator show similar
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Fig. 15. Effect of CAPEX Adjustment on LCOE.

levels of sensitivity, generally between +2.3% and +3.0%. Since these
components are part of the main thermodynamic system, their cost has a
noticeable effect on the overall project economics.

Design and management cost has a moderate impact, contributing
around +1.3% to +1.5% variation in LCOE. In contrast, the other
components, including the deep seawater pipe, turbine, working fluid
pump, power transmission system, deep seawater pump, and surface
seawater system, show relatively small effects. Even with a + 20% cost
change, their impact on LCOE is generally below +1%. Although the
influence of the deep seawater pipe slightly increases with water depth,
its contribution remains much lower compared to the platform and
installation costs.

Overall, the ranking of component sensitivity remains consistent
across all water depths. The results indicate that the LCOE is mainly
driven by structural and major capital components, especially the plat-
form. Therefore, efforts to reduce LCOE should primarily focus on
optimizing platform design and installation strategies, as these offer the
greatest potential for cost reduction.

4.2.3.2. CAPEX and OPEX sensitivity. To further examine the effect of
CAPEX and OPEX changes on the LCOE, a sensitivity analysis was car-
ried out by applying several variations to both parameters, as shown in
Table 9. The table presents eight levels of CAPEX variation. Each per-
centage is multiplied by the original CAPEX value from Table 6 at each
depth, and the result is added to the original value to obtain the adjusted
CAPEX. For example, a 20% increase means that 20% of the original
CAPEX is added to its base value. Meanwhile, the OPEX values are
calculated as percentages of the adjusted CAPEX. A cross-combination of
these variations was then performed, resulting in a total of 24 different
scenarios.

The results of the sensitivity analysis are shown in Fig. 15 and
Fig. 16. Fig. 15 focuses on the effect of CAPEX variation on the LCOE,
while Fig. 16 illustrates the influence of changes in OPEX. In Fig. 11, it
can be clearly seen that the LCOE increases steadily as the CAPEX
adjustment becomes higher. Each step of CAPEX increase, whether 5%,
10%, 15%, or 20%, results in a noticeable rise in the LCOE. On the other
hand, when CAPEX is reduced by 5%, 10%, 15%, or 20%, the LCOE
correspondingly decreases.

The trend demonstrates a strong linear relationship between CAPEX
and LCOE. Moreover, the graph shows that the total range of LCOE
values becomes much larger when CAPEX is adjusted under higher
OPEX conditions. In some scenarios, especially those with the highest
OPEX variation, the LCOE increases significantly—from approximately
8 USD cents to nearly 13 USD cents per kilowatt-hour. This shows how
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sensitive the LCOE is to investment cost, particularly when other cost
components are also elevated.

These results emphasize that CAPEX is a major factor influencing the
economic outcome of the system. Even relatively small adjustments in
capital cost can cause considerable changes in the final LCOE, making it
essential to carefully plan and manage investment costs during system
design and development.

The impact of OPEX variation on LCOE is shown in Fig. 16. The
figure illustrates that as the percentage of OPEX increases, the resulting
LCOE also rises accordingly. Similar to the pattern observed in the
CAPEX variation analysis, this result also shows that when the OPEX
percentage is calculated based on the highest adjusted CAPEX value, the
difference in LCOE becomes more significant. For example, when OPEX
is varied from 2% to 6% of the highest CAPEX, the change in LCOE can
reach up to 3 USD cents. This trend is consistent across all depths, with
the lowest LCOE values achieved at a depth of 600 m.

From both Fig. 15 and Fig. 16, it is evident that CAPEX and OPEX are
closely interconnected in influencing the LCOE. While CAPEX directly
affects the initial investment cost, OPEX contributes to long-term oper-
ational expenses. When both parameters are increased simultaneously,
the LCOE can rise significantly, as seen in the scenarios with the highest
CAPEX and OPEX combinations. Therefore, the integration of CAPEX
and OPEX must be considered carefully in the planning and design
stages of OTEC systems, as their combined effect plays a crucial role in
determining the overall economic feasibility.

5. Conclusion

This study applies both technical and economic approaches to
evaluate the influence of deep seawater intake depth on the performance
of Ocean Thermal Energy Conversion (OTEC) systems. The analysis
considered surface seawater at a depth of 20 m and cold seawater intake
depths of 350, 400, 500, 600, and 700 m. The technical evaluation
focused on system efficiency and key design parameters, while the
economic assessment was conducted using the Levelized Cost of Energy
(LCOE). To ensure the reliability of the modeling framework, the ther-
modynamic model applied in this study was validated against experi-
mental results reported in the literature, showing good agreement
between the predicted and experimental performance values. This
validation confirms that the adopted approach is sufficiently reliable for
assessing the technical and economic performance of OTEC systems
under different seawater intake depths.

The results show that increasing the deep seawater intake depth
increases the temperature difference between surface and deep
seawater, which improves the thermodynamic performance of the OTEC
system. The most significant improvement occurs between 350 m and
400 m, where the reduction in deep seawater temperature substantially
enlarges the thermal gradient. Beyond this range, the temperature
decrease becomes more gradual, resulting in smaller incremental per-
formance gains. Among the evaluated configurations, the system oper-
ating with a 700 m cold seawater intake achieved the highest thermal
efficiency of 3.75% and produced the greatest Annual Energy Produc-
tion (AEP), reaching 871,068.6 MWh.

The larger thermal gradient also reduces the required mass flow rate
of both seawater and working fluid, since the heat exchangers can
transfer the required thermal energy with a smaller fluid volume.
Consequently, deeper intake depths lead to smaller heat exchanger
surface areas and slightly reduced seawater pipe diameters. Although
the reduction in pipe diameter remains relatively small across the
investigated depths, the decrease in mass flow rate contributes to lower
infrastructure requirements. However, deeper intake depths increase the
pumping head of the cold seawater pump, which slightly raises the
pumping power demand.

From an economic perspective, the reduction in heat exchanger
surface area plays a key role in lowering capital expenditures (CAPEX),
as evaporators and condensers represent major cost components in the
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Fig. 16. Effect of OPEX Adjustment on LCOE at Different Depths: (a) 350 m; (b) 400 m; (c) 500; (d) 600; and (e) 600 m.

OTEC system. Although certain components such as deep seawater pipes
and pumping systems increase slightly with depth, the overall CAPEX
decreases because the cost reduction in thermal components outweighs
the additional structural costs. As a result, the lowest LCOE of 8.31 USD
cents/kWh was obtained at the 700 m intake depth.

The sensitivity analysis further demonstrates that the LCOE is
strongly affected by variations in CAPEX and OPEX. In particular, the
economic performance of the system is most sensitive to major capital
components such as the platform, installation, and heat exchangers. In
several scenarios, simultaneous increases in CAPEX and OPEX can raise
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the LCOE from approximately 8 USD cents/kWh to nearly 13 USD cents/
kWh. These results highlight the importance of carefully integrating
both investment and operational cost considerations during the early
design stage to ensure a realistic assessment of OTEC project feasibility.

Overall, the results indicate that OTEC systems utilizing deeper cold
seawater intake can achieve improved thermodynamic performance and
lower electricity costs. Such systems have strong potential for tropical
coastal regions and island communities where a stable and continuous
renewable energy supply is required. In particular, OTEC could
contribute to reducing dependence on diesel-based electricity genera-
tion in remote island regions and improving long-term energy security.

Despite these promising results, several limitations remain. The
analysis relies on site-specific temperature profiles derived from
HYCOM data and does not explicitly consider the potential environ-
mental impacts associated with large-scale cold seawater extraction.
Future studies should therefore focus on validating ocean temperature
data through direct field measurements, assessing the ecological impacts
of sustained cold-water intake operations, and conducting more
comprehensive evaluations of exergy loss distribution and operational
stability under varying intake depths.
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