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Abstract

Ocean Thermal Energy Conversion (OTEC) is a promising renewable energy technology for
remote islands, offshore platforms, and maritime infrastructure, yet its commercialization
is constrained by low cycle efficiency, high auxiliary energy demand, and the engineering
challenges associated with large-scale seawater transport. This study presents the integra-
tion and experimental evaluation of a 20 kW class containerized OTEC prototype using
R134a in a closed Rankine cycle. The working fluid circulates within the power-generation
module, while warm surface seawater supplies the evaporator and cold deep seawater is
pumped through an insulated intake pipe to the container-mounted condenser. The proto-
type integrates a radial-inflow turbine, stainless-steel heat exchangers, circulation pumps,
and a programmable logic controller-based control system. Land-based commissioning
tests, conducted at initial warm-to-cold-water temperature differences of approximately
20–25 ◦C, produced a peak electrical output of 11 kW in one run and approximately 5 kW
for 11 min in another. Sea trials in the South China Sea recorded a peak electrical output
of 16.4 kW and a cumulative power-generation duration of 4 h 47 min across separate
runs. These results document the integration and short-duration operation of the proto-
type under offshore conditions and identify priorities for improved control and longer-
duration testing.

Keywords: ocean thermal energy conversion (OTEC); working-fluid circulation; renewable
marine energy; offshore power generation

1. Introduction
Global energy demand is rising rapidly, while the depletion of fossil fuels and the ur-

gent need to address climate change are driving advances in renewable energy technologies.
Oceans, covering approximately 71% of the Earth’s surface [1], store immense amounts
of solar energy, with an estimated 80% of incident solar radiation absorbed by seawater
annually. This vast energy reservoir includes tidal [2,3], wave [4,5], current [6,7], and ocean
thermal energy [8,9], among which ocean thermal energy conversion (OTEC) [10–12] is
particularly promising due to its high stability, resource abundance, and potential for con-
tinuous exploitation independent of weather conditions. The global theoretical potential
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of ocean thermal energy is estimated at 30 TW, highlighting its promise as a sustainable
alternative to traditional fossil fuels [13,14], as shown in Figure 1.

 

Figure 1. Global distribution of ocean surface thermal gradients, highlighting equatorial and tropical
regions with temperature differences exceeding 20 ◦C between surface and deep waters. These zones
represent the most favorable locations for large-scale OTEC deployment. (From Bluerise BV).

Over the past decades, several countries, including the United States, Japan, France,
and Korea, have made significant progress in OTEC research and pilot-scale demonstration.
Examples include Japan’s shore-based OTEC plants in Nauru and Kagoshima [15], the
1 MW floating OTEC plant jointly developed by Japan and India [16], and the United
States’ 210 kW open-cycle OTEC system in Hawaii [17]. Despite these advances, most
systems remain at the demonstration stage and face significant barriers to large-scale de-
ployment, particularly low thermal-cycle efficiency, high pumping energy costs, complex
maintenance requirements for long pipelines, and ecological risks from the discharge
of deep seawater. China has an extensive maritime domain with abundant ocean en-
ergy resources, particularly in the South China Sea, where favorable thermal gradients
make it a prime region for ocean thermal energy conversion. Recent assessments esti-
mate that China’s offshore and adjacent waters hold 1.44 × 1022 to 1.59 × 1022 J of ocean
thermal energy, corresponding to an installed capacity of 1747 to 1833 GW, with about
90% of this potential located in the South China Sea [18]. However, related research re-
mains largely at the laboratory and small-scale prototype level, and practical solutions
for powering remote islands, offshore platforms, and ocean observation systems are ur-
gently needed. Addressing these challenges is critical for strengthening national mar-
itime security, advancing deep-sea resource exploration, and accelerating the transition to
renewable energy.

To bridge this research gap, recent studies have explored innovative system de-
signs [19,20], modeling approaches [21,22], and regional feasibility analyses [10,23] to
advance OTEC development from concept to practical applications [24–26]. These studies
offer insights into overcoming technical limitations, improving efficiency, and identifying
deployment strategies for various operational scenarios. For instance, Wang et al. [27]
developed an OTEC system using phase-change material for underwater vehicles. They
built a multi-stage energy conversion efficiency model (thermal-hydraulic-kinetic-electric)
to identify key influencing factors and provide optimization guidelines. A prototype was
developed and tested in the South China Sea, achieving approximately 6696 J of energy
per dive with an overall conversion efficiency of 0.396%, demonstrating the system’s high
efficiency and potential for application. Zhang et al. [28] proposed a novel OTEC cycle that
integrates a second-type absorption heat pump with a Rankine power cycle to overcome
the limitations of low-grade ocean thermal energy by supplying a superheated working
fluid at the turbine inlet. Thermodynamic modeling and economic analysis demonstrate
that it achieves a 40% improvement in thermal efficiency, up to 68.88% exergy efficiency,

https://doi.org/10.3390/machines14101112

https://doi.org/10.3390/machines14101112


Machines 2026, 14, 1112 3 of 16

and a 38% cost reduction compared to conventional OTEC systems, offering a practical
and cost-effective pathway for large-scale ocean thermal energy utilization. Vera et al. [29]
developed a detailed model for an OTEC system integrated with an Organic Rankine Cycle
(ORC) for small-scale power generation in Panama’s San Blas archipelago, focusing on
working fluid selection, system performance, and environmental considerations. Simu-
lation and sensitivity analysis identified ammonia as delivering the highest net power
output (99.3 kW), R1234yf as offering the best efficiency (2.57%), and decafluorobutane
as an environmentally safe alternative, providing guidelines for OTEC deployment in
remote island electrification. Zereshkian et al. [30] assessed the feasibility of using OTEC
to supply power to offshore oil and gas fields in the Caspian Sea by analyzing 10 years of
meteorological and oceanographic data. Results show that OTEC is only feasible during
summer months in select southern locations, offering 31–54 operational days annually.
Adiputra et al. [31] presented the preliminary design of a 100 MW-net OTEC floating power
plant for Mentawai Island, Indonesia, using a converted oil tanker as the platform to reduce
capital costs. A combination of Monte Carlo simulation and constraint satisfaction methods
was applied to optimize plantship dimensions, seawater transport velocity, and equipment
layout, concluding that a Suezmax-type tanker with seawater transport velocities of 2–3 m/s
offers an optimal balance of space, buoyancy, and energy efficiency for commercial-scale
OTEC deployment.

Building on these studies, the present work focuses on the engineering implementation
and experimental evaluation of a containerized OTEC prototype. A 20 kW-class prototype
using R134a was developed based on a closed Rankine cycle. The design, construction, and
overall sea-trial performance of this prototype were reported in our previous study [32].
The present study further describes the containerized system integration, instrumentation,
working-fluid selection, and the operating problems observed during land-based commis-
sioning and offshore testing. The working fluid circulates within the power-generation
module, while warm surface seawater is supplied to the evaporator and cold deep seawater
is pumped through an insulated intake pipe to the container-mounted condenser. The
system incorporates a radial-inflow turbine, brazed stainless-steel heat exchangers, and a
programmable logic controller-based monitoring and control system. The paper presents
the design basis and component configuration, describes the containerized integration
and shipboard deployment, and reports representative land-based and offshore operating
records. Particular attention is given to startup procedures, electrical-output variations,
and the liquid-level and vibration-related problems encountered during testing. The contri-
bution lies in documenting the implementation and operating limitations of the integrated
prototype, providing an experimental basis for subsequent improvements in control and
mechanical reliability.

2. System Overview
2.1. Limitations of Conventional OTEC Systems

OTEC systems harness the temperature gradient between warm surface seawater, typ-
ically 25–30 ◦C, and cold deep seawater, approximately 4–6 ◦C at depths of 800–1000 m,
to drive a thermodynamic cycle and generate electricity. Conventional OTEC systems
generally employ a Rankine [33–35] or Kalina [17,36,37] cycle, in which seawater is sup-
plied to shore-based or platform-mounted equipment for heat exchange. The small avail-
able temperature difference limits cycle efficiency, while seawater pumping contributes
to auxiliary power consumption. Long cold-water intake pipes also introduce instal-
lation and maintenance challenges associated with marine currents, wave action, and
biofouling. Deep-seawater discharge is a further consideration because it can affect local
temperature and nutrient distributions. These limitations motivate engineering evalua-
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tion of the heat exchangers, turbines, seawater supply system, and their operation as an
integrated prototype.

2.2. Working-Fluid Circulation and Seawater Circulation Configuration

The prototype employs R134a in a closed Rankine-cycle loop, as illustrated in Figure 2.
The working fluid circulates through the evaporator, turbine, condenser, and working-fluid
pump within the power-generation module. Warm surface seawater is supplied to the
evaporator by the warm-water pump. In the offshore configuration, deep seawater is
lifted through the insulated intake pipe by a submersible pump to a cold-water tank and is
subsequently supplied to the container-mounted condenser by the cold-water circulation
pump. Both seawater streams are discharged after heat exchange. The closed working-fluid
loop is therefore separate from the seawater intake and discharge circuits; the working
fluid does not circulate between the surface and deep-water layers.

Figure 2. Simplified schematic of the closed-Rankine-cycle OTEC prototype, showing the working-
fluid loop and the warm- and cold-seawater streams.

2.3. Thermodynamic Cycle Analysis

This section provides an overview of the working-fluid circulation cycle, illustrated in
Figure 3, which shows the temperature-entropy (T-s) diagram and the key thermodynamic
processes of the proposed OTEC system.

Figure 3. Temperature-entropy (T-s) diagram of the closed Rankine cycle. The diagram illustrates four
key thermodynamic processes: heat addition through liquid heating, evaporation, and superheating
(4 → 1), expansion (1 → 2; actual 1 → 2′), condensation (2 → 3), and compression (3 → 4).

(1) Cycle description:

Heating, evaporation, and superheating (4 → 1): In the evaporator, the pressurized
liquid working fluid is first heated to the saturated-liquid state, then vaporized at ap-
proximately constant temperature and pressure, and finally superheated before entering
the turbine.

Expansion (1 → 2, actual 1 → 2′): The superheated vapor ideally undergoes isentropic
expansion in the low-pressure turbine, converting enthalpy into mechanical work. In
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practice, irreversibility caused by flow friction, leakage, and blade losses shifts the process
to path 1 → 2′, resulting in a lower enthalpy drop, higher outlet temperature, and reduced
turbine efficiency. This distinction between ideal and actual expansion is crucial for accurate
cycle evaluation and performance optimization.

Condensation (2 → 3): The exhaust vapor releases latent heat in the condenser, trans-
ferring energy to deep cold seawater. Efficient condensation is essential for achieving low
exhaust pressure and maintaining a strong driving temperature gradient. Proper condenser
design and seawater management are vital to minimize thermal resistance and maintain
cycle stability.

Compression (3 → 4): The liquid working fluid is pumped back to high pressure,
closing the cycle. Although this process consumes relatively little energy compared to
turbine output, minimizing pump losses and ensuring operational reliability are key to
improving overall system efficiency, particularly in low-temperature-gradient applications.

(2) Key performance metrics:

The thermodynamic design calculation adopts the following assumptions. The work-
ing fluid enters the turbine in a superheated state to reduce liquid-droplet formation during
expansion. Heat losses from the insulated evaporator and condenser to the surround-
ings are neglected. The ideal turbine process is treated as isentropic expansion, while
the actual process includes irreversible losses. The working fluid at the condenser outlet
is assumed to be saturated liquid, and the working-fluid pump process is simplified as
adiabatic compression.

Thermal efficiency:

η =
Wturbine − Wpump

Qin
(1)

Net power output:

Wnet = Wturbine −
(
Wpump + Waux

)
(2)

(3) Working-fluid selection:

The thermophysical properties of the candidate working fluids, including molar mass,
critical temperature, and critical pressure, were obtained from the CoolProp thermophysical
property database and are summarized in Table 1. Figure 4a shows the calculated cycle
thermal efficiency as a function of turbine inlet pressure for an evaporation temperature of
26 ◦C and a condensation temperature of 6 ◦C. Within the pressure ranges investigated, the
thermal efficiency increases with turbine inlet pressure for each fluid, with R152a reaching
the highest efficiency among the plotted cases.

Table 1. List of candidate working fluids with chemical abbreviations and key thermophysical
properties, including molar mass, critical temperature, and critical pressure.

Working Fluid Abbreviation Molar Mass (g/mol) Critical Temperature (K) Critical Pressure (MPa)

Chlorodifluoromethane R22 86.468 369.295 4.990

Pentafluoroethane R125 120.021 339.177 3.618

1,1-Difluoroethane R152a 66.051 386.411 4.517

Pentafluoropropane R245fa 134.048 427.010 3.651

1,1,1,2-Tetrafluoroethane R134a 102.032 374.212 4.059

Ammonia R717 17.031 405.560 11.363

https://doi.org/10.3390/machines14101112

https://doi.org/10.3390/machines14101112


Machines 2026, 14, 1112 6 of 16

Figure 4. Calculated performance of the candidate working fluids as a function of turbine inlet
pressure: (a) cycle thermal efficiency at an evaporation temperature of 26 ◦C and a condensation
temperature of 6 ◦C; (b) turbine power output at a working-fluid mass flow rate of 1 kg/s, a specified
turbine inlet temperature of 25 ◦C, and a condensation temperature of 6 ◦C.

Figure 4b presents a separate comparison of turbine power output at a working-
fluid mass flow rate of 1 kg/s, with a specified turbine inlet temperature of 25 ◦C and
a condensation temperature of 6 ◦C. R717 reaches the highest calculated turbine power
output among the investigated cases. This result concerns turbine power output rather
than cycle thermal efficiency, and the two quantities should therefore be distinguished
when evaluating working-fluid performance.

Working-fluid selection also considered the material compatibility, sealing, and oper-
ational safety requirements of the prototype. Although R717 provided favorable turbine
power output, its toxicity and flammability, together with material-compatibility concerns,
imposed additional requirements on system implementation. R134a was therefore selected
by considering the calculated cycle performance together with these practical requirements,
rather than solely maximizing thermal efficiency or turbine power output.

2.4. System Layout Design

The system is divided into four functional subsystems:

(1) Evaporation zone: The evaporator transfers heat from warm surface seawater to the
working fluid.

(2) Power generation zone: The radial-inflow turbine expands the working-fluid vapor to
produce mechanical power.

(3) Condensation zone: The container-mounted condenser transfers heat from the turbine
exhaust to the supplied deep seawater. The condensed working fluid is collected in
the refrigerant receiver before being returned to the working-fluid pump.

(4) Control and pumping system: The working-fluid and seawater pumps provide the
required circulation. Their operating frequencies and the main and bypass valve
openings are adjustable through the control system. The PLC acquires operating
signals and communicates with the monitoring interface.

The main process equipment is housed in an equipment container and is operated from
a separate monitoring container. Deep seawater is supplied through the insulated intake
system. The equipment specifications, component analyses, and deployment arrangement
are described in the following sections.

3. System Design and Technical Roadmap
The development of the prototype follows a structured framework that integrates

thermodynamic design, component selection and fabrication, containerized assembly, land-
based commissioning, and offshore testing. The power-generation module integrates the
evaporator, radial-inflow turbine-generator, condenser, refrigerant vapor-liquid separator,
circulation pumps, and PLC control cabinet. The 20 kW designation corresponds to the
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rated power of the selected generator, rather than the measured full-system net electrical
output. To provide a consolidated description of the prototype, the principal design
specifications of the main components and subsystems are summarized in Table 2. These
values represent the design or rated parameters of the prototype rather than the measured
operating conditions of individual tests.

Table 2. Main design specifications of the 20 kW class OTEC prototype.

Parameter Value
Working fluid R134a

Rated generator power 20 kW
Rated turbine/generator speed 12,000 rpm

Maximum motor speed 15,000 rpm
Turbine working-fluid inlet diameter 100 mm

Turbine working-fluid outlet diameter 125 mm

Working-fluid pump rated flow rate 13 m3/h
Working-fluid pump head 30 m

Working-fluid pump rated power 3.7 kW

Warm-water pump rated flow rate 200 m3/h
Warm-water pump head 5 m

Warm-water pump rated power 7.5 kW

Cold-water circulation pump rated flow rate 200 m3/h
Cold-water circulation pump head 5 m

Cold-water circulation pump rated power 7.5 kW
Refrigerant receiver volume 200 L

Equipment-container dimensions 6.0 × 2.5 × 2.6 m
Control-container dimensions 6.0 × 2.5 × 3.2 m

Design cold-water intake length 900 m
Cold-water pipe outer/inner diameter 245/220 mm

Insulation thickness 50 mm
Deep-seawater design temperature 5 ◦C

Warm-seawater design cases 27, 28, and 29 ◦C

The component-level design focused on the radial-inflow turbine, brazed plate heat
exchangers, and the deep-water intake system used in the prototype. Emphasis is placed
on engineering design, prototyping, and experimental validation to address performance
challenges and guide system development.

System-level design efforts focus on creating a highly integrated, containerized power-
generation module that houses all major components, thereby reducing construction com-
plexity and facilitating standardization. Finally, the integrated prototype underwent land-
based commissioning followed by offshore testing.

The system is based on a closed-loop Rankine cycle that employs the low-boiling-
point working fluid R134a as the energy carrier. In this configuration, the working fluid
is vaporized in the evaporator using warm surface seawater, expanded through a radial-
inflow turbine, and condensed in the container-mounted condenser using cold seawa-
ter supplied through the deep-water intake pipe. The operational loop is divided into
functional subsystems, including evaporation, expansion, condensation, and pumping-
control modules, which provide the required heat transfer, expansion, condensation, and
circulation functions.
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The turbine and heat exchanger are key components of the integrated prototype. A
radial-inflow turbine with a rated rotational speed of 12,000 rpm was used in the prototype.
Brazed stainless-steel heat exchangers were used as the evaporator and condenser. The
working fluid loop operates at a turbine inlet pressure of approximately 0.62–0.64 MPa,
with a pump power of about 3.7 kW.

The cold-water intake system, another critical subsystem, is designed as a 900 m long
insulated steel pipe. A 50 mm polyurethane insulation layer was applied to the cold-water
intake pipe to reduce heat gain during seawater ascent. The structural design conditions
and calculated safety factor are described in Section 4.2.

All major components, including the turbine, pumps, control systems, and heat exchang-
ers, are integrated into a containerized platform to facilitate transportation, assembly, and
offshore installation. The power-generation module is housed in an equipment container
measuring 6.0 × 2.5 × 2.6 m, while the control container measures 6.0 × 2.5 × 3.2 m. Dimen-
sions are given as length × width × height. Strong and weak electrical circuits are separated
to prevent signal interference, and external insulation with aluminum cladding provides
additional durability and corrosion resistance in marine environments. The integrated layout
was used for the subsequent land-based and offshore tests.

The technical roadmap advances through a sequence of experimental validation
phases. Initial land-based testing was conducted under controlled conditions using re-
frigeration units and gas boilers to simulate ocean temperature gradients. During the
land-based commissioning tests, temperature, pressure, turbine speed, pump and valve
settings, and electrical output were monitored to evaluate startup and power-generation
behavior. Following the land-based commissioning tests, sea trials were carried out in
the South China Sea, where the system was deployed at sites characterized by stable ther-
moclines with deep-water temperatures of approximately 5 ◦C at a depth of 900 m. The
sea trials evaluated the deep-water intake system, startup procedure, control operation,
and electrical-output behavior under offshore conditions. Based on these findings, the
system design is now being refined to improve turbine internal-flow performance, thermal
management, and control strategies.

The detailed component designs and analyses are presented in Section 4, while the
land-based and offshore operating results are reported in Section 5.

4. Key Component Design and Analysis
The successful implementation of a working-fluid-circulation OTEC system relies

heavily on the development of high-performance components that operate efficiently un-
der low temperature differentials and in challenging offshore environments. This section
focuses on the heat exchangers, deep-water intake pipe, and integrated prototype configu-
ration. Their designs and associated calculations are presented below, while the prototype
operating results are reported in Section 5.

4.1. Heat Exchanger Design

Efficient heat exchangers are critical for minimizing irreversibility in the evapora-
tion and condensation processes of the working fluid cycle. The prototype used brazed
stainless-steel heat exchangers as the evaporator and condenser. The thermodynamic
design specified a heat-transfer requirement of approximately 800 kW for the evaporator
and condenser.

4.2. Cold-Water Pipe Structure and Insulation Design

The cold-water intake pipe was designed to transport deep seawater at approximately
5 ◦C from a depth of about 900 m to the surface. The pipe system used steel tubing with a
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50 mm polyurethane insulation layer to reduce heat gain during seawater ascent. Because
the test vessel lacked a derrick and a conventional casing make-up system, adjacent pipe
sections were connected using split-clamp couplings with conical mating ends, a sealing
groove, and four connecting bolts. The split-clamp coupling configuration enabled pipe
assembly during the offshore deployment process.

In the pre-trial structural analysis, a vertical load of 100 t was applied to the cold-water
pipe system. The lateral loading was calculated using a maximum seawater current velocity
of 1.25 m/s, corresponding to an applied pressure of 1.67 × 10−3 MPa. The calculated
maximum equivalent stress was 509.2 MPa at the clamp transition region. For the 35CrMo
clamp material, with a yield strength of 835 MPa, the corresponding stress safety factor
was approximately 1.64. The calculated maximum total deformation was 93.084 mm.

4.3. System Integration and Prototype Validation

The turbine, heat exchangers, and piping network were integrated into a containerized
prototype for land-based commissioning and offshore testing (Figure 5). The seawater
piping components were fabricated from 316L stainless steel to ensure high corrosion
resistance, while the electrical subsystems employed a strong-weak current-separation
design to minimize electromagnetic interference. The containerized system consolidates
the evaporator, condenser, turbine-generator unit, liquid-vapor separator, and auxiliary
pumps into a compact, modular platform, facilitating transportation, installation, and
standardized testing. Land-based commissioning tests were conducted using refrigeration
units and gas boilers to supply cold and warm water. During land-based commissioning,
one representative run reached a peak electrical output of 11 kW, while another produced
approximately 5 kW for about 11 min. The turbine and heat exchangers were operated
during the offshore power-generation tests described in Section 5. These tests provided
operating data for the integrated prototype under offshore conditions.

Figure 5. Containerized OTEC prototype system used for land-based and sea trials. The left
image shows the complete integrated power module with its control cabinet, condenser, evapo-
rator, and pumps, while the right image provides a detailed view of the turbine-generator and
auxiliary subsystems.

5. Experimental Validation and Results
To evaluate the operation of the integrated 20 kW-class containerized OTEC prototype,

a series of land-based commissioning tests and offshore trials was conducted. Testing
proceeded in two stages: laboratory-based testing under controlled conditions, followed
by open-sea trials in the South China Sea. These tests provided operating records of
temperature, pressure, flow rate, turbine speed, electrical output, and shutdown events
under the investigated conditions.

5.1. Land-Based Prototype Testing

The land-based experiments were conducted to replicate the ocean thermal gradi-
ent under controlled conditions, enabling preliminary validation of the working-fluid-
circulation OTEC system. As demonstrated in Figure 6, the test platform included two
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refrigeration units (chillers) to generate cold water on land, two gas boilers for warm-water
heating, together with insulated storage tanks and circulation pumps, to provide controlled
warm- and cold-water conditions for land-based commissioning. The containerized power
generation module, comprising the turbine-generator, heat exchangers, and pump sys-
tems, was integrated into this setup, while a PLC-based control system provided real-time
monitoring and automated operation. The measurement system included 13 pressure
transmitters with a measurement range of 0.1–2.0 MPa, 16 Pt100 temperature sensors
with a measurement range of 0–100 ◦C, a vortex flowmeter for the working-fluid line,
electromagnetic flowmeters for the warm- and cold-water loops, a turbine-speed encoder,
two vibration probes, and a liquid-level sensor. The measurement ranges and nominal
accuracies of the principal instruments are summarized in Table 3. This experimental
configuration offered a reliable environment for evaluating component performance and
refining control strategies prior to offshore deployment.

 

Figure 6. Land-based prototype testing platform for the working-fluid circulation OTEC system.

Table 3. Measurement instruments and specifications used in the prototype tests.

Measured Quantity Instrument Range Accuracy
Temperature Pt100 RTD 0–100 ◦C ±0.35 ◦C

Pressure Industrial pressure transmitter 0–2.0 MPa ±0.5% FS

Working-fluid flow rate Vortex flowmeter 0–15 t/h ±1.0% of reading
Warm-/cold-water flow rate Electromagnetic flowmeter 0–216 t/h ±0.5% of reading

Turbine rotational speed Incremental rotary encoder 0–15,000 rpm -

Vibration Industrial vibration transmitter 0–25.4 mm/s RMS ±5% FS

Refrigerant liquid level Level transmitter 0–1000 mm ±0.5% FS

Electrical power Three-phase power analyzer 0–20 kW ±0.5% of reading

Initial startup tests included pump priming, valve actuation, and controlled turbine
acceleration by adjusting the working-fluid pump frequency and the main and bypass valve
openings. During the first run, when the turbine speed exceeded 9000 rpm, the generator
torque setting was increased to limit the rotational speed. In one representative run, the
initial warm- and cold-water inlet temperatures were 26.9 ◦C and 6.1 ◦C, respectively, and
the pressure difference across the turbine was 0.21 MPa.

Figure 7 shows the recorded electrical output during this run. The run lasted ap-
proximately 5 min and reached a peak electrical output of 11 kW. As the cold-water
inlet temperature increased to 9.8 ◦C, the refrigerant-receiver liquid level fell to ap-
proximately 250 mm. The working-fluid pump then stopped automatically, and power
generation ceased.

https://doi.org/10.3390/machines14101112
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Figure 7. Recorded electrical output during the first representative land-based run, with initial warm-
and cold-water inlet temperatures of 26.9 ◦C and 6.1 ◦C, respectively, and a pressure difference of
0.21 MPa across the turbine.

A second test started with warm- and cold-water inlet temperatures of 28.5 ◦C and
4.1 ◦C, corresponding to an initial temperature difference of 24.4 ◦C. In this experiment, as
shown in Figure 8, the turbine speed varied between approximately 7000 and 8000 rpm
during the early stage of the test, with an electrical output of approximately 5 kW. After
approximately 4 min, the cold-side temperature increased and the turbine speed began
to decrease. The working-fluid pump frequency, cold-water pump frequency, main-valve
opening, and bypass-valve opening were then adjusted to maintain the turbine speed
above approximately 7000 rpm for a further period. When the cold-side temperature
reached approximately 9.9 ◦C, the turbine speed and refrigerant-receiver liquid level
decreased rapidly, and power generation stopped. The two runs were commissioning tests
conducted with different turbine pressure differences, valve openings, turbine speeds, and
subsequent control adjustments; therefore, they do not constitute a controlled comparison
of temperature difference alone.

 

Figure 8. Measured electrical output during the second representative land-based commissioning
run, conducted with a 24.4 ◦C thermal gradient (28.5 ◦C warm-side, 4.1 ◦C cold-side). The run
lasted approximately 11 min, during which the turbine speed varied around 7000–8000 rpm and the
electrical output remained around 5 kW for much of the test before the system shut down as the
cold-side temperature increased.

5.2. Sea Trials in the South China Sea

Following land-based commissioning, offshore trials were conducted to evaluate the
integrated prototype under marine conditions. The test site was chosen based on prior
oceanographic surveys that identified a stable thermocline, with deep-sea temperatures
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of approximately 5 ◦C at a depth of 900 m. The containerized power generation module
was deployed aboard a research vessel equipped with a crane to lower the insulated cold-
water pipe, which was assembled with modular quick-connect couplings. As illustrated in
Figure 9, the test setup included a dedicated deck area for the containerized OTEC system,
surface warm-water suction lines, and a remotely operated control system. The cold-water
intake line was deployed through a pre-installed moon pool, allowing precise positioning
and stable installation. This integrated arrangement enabled real-time monitoring and
operation of all circulation, control, and data acquisition systems from the containerized
control module, ensuring efficient and safe management of the open-sea trial. During the
sea trial, the monitored cold-water temperature decreased to approximately 6.1 ◦C after
about 20 min of circulation.

Figure 9. Schematic of the open-sea deployment system for the containerized OTEC prototype.

5.3. Performance Evaluation and Analysis

The land-based and offshore tests provided operating records of startup, power gen-
eration, and shutdown behavior. The cycle-efficiency values presented in Section 2 were
obtained from thermodynamic design calculations rather than direct measurements during
the sea trials. During offshore commissioning, a damaged liquid level sensor was identified,
prompting recovery of approximately 600 kg of working fluid before restarting power gen-
eration trials. Following standard startup procedures, the working-fluid pump discharge
rate was gradually increased, the bypass valve was closed, and the main valve was opened.
During the first offshore run, the turbine reached 9700 rpm, and the maximum recorded
electrical output was 16.4 kW. The run continued for nearly 2 h before a vibration alarm
triggered shutdown (Figure 10).

After inspection, the generator was restarted and stabilized at 8500 rpm with an
electrical output of approximately 14 kW for an additional two hours, after which simi-
lar vibration alarms prompted a system shutdown (Figure 11). Preliminary diagnostics
suggested turbine impeller bolt loosening or motor bearing wear as the likely cause. The
offshore campaign accumulated 4 h and 47 min of power generation across separate runs.
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Figure 10. Measured electrical output during the first offshore power generation test. The system
achieved a peak power of 16.4 kW at a turbine speed of 9700 rpm, sustaining operation for nearly
two hours before being shut down by vibration alarms.

Figure 11. Measured electrical output during the second offshore power generation test. The turbine
stabilized at 8500 rpm, delivering 14 kW of power for two hours before vibration alarms again
prompted shutdown.

6. Engineering Discussion and Limitations
The present prototype employs a conventional closed Rankine cycle integrated within

a containerized power-generation system. The focus of this work is therefore on system
integration and offshore operation rather than on introducing a new thermodynamic cycle.
Traditional OTEC plants rely on large-scale pumping of warm surface water and cold deep
seawater through extensive pipeline networks, resulting in substantial parasitic energy
consumption, increased system complexity, and environmental disturbances associated
with nutrient upwelling and localized thermocline disruption. In the present prototype, the
working fluid circulates in a closed Rankine loop, while warm surface seawater and cold
deep seawater are separately circulated through the evaporator and condenser. Cold deep
seawater is pumped through the insulated intake pipe to the container-mounted condenser.

The system’s modular and containerized integration further enhances its engineering
practicality. The containerized prototype was installed aboard an existing research vessel
for the offshore tests. The offshore trial also identified practical installation issues associated
with the pipe couplings and supporting structures. Potential application scenarios include
remote islands, offshore platforms, and marine research stations; however, the present
study does not compare the system with conventional power-generation technologies in
terms of cost or maintenance requirements.
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Further design and testing are required to evaluate the performance of larger-capacity
systems. In this context, the system aligns with the growing demand for distributed
renewable energy solutions and offers a promising strategy to reduce reliance on fossil
fuels in maritime operations.

Beyond its immediate application as a renewable power source, the system’s integra-
tion with marine infrastructure offers broader opportunities for innovation. By coupling
energy harvesting with sensor networks, communications platforms, and oceanographic
monitoring systems, the working-fluid circulation OTEC platform can serve as a mul-
tifunctional node for the marine Internet of Things (IoT). Future research will explore
hybridization with other renewable sources such as wave and wind energy to create syn-
ergistic multi-source marine energy systems, leveraging the inherent stability of thermal
gradients to balance intermittent resources.

The present study reports prototype operating results but does not establish economic
or environmental advantages over other power-generation systems. The tests identified
liquid-level and vibration-related interruptions that require further investigation before
long-duration operation can be established.

7. Conclusions
This study developed and experimentally evaluated a 20 kW-class containerized Ocean

Thermal Energy Conversion (OTEC) prototype based on a closed Rankine cycle using R134a
as the working fluid. The working fluid circulates through the evaporator, radial-inflow
turbine, condenser, and working-fluid pump, while warm surface seawater and pumped
deep seawater provide the heat source and heat sink, respectively. The turbine–generator,
brazed stainless-steel heat exchangers, circulation pumps, refrigerant components, and
PLC-based control system were integrated into a containerized platform for land-based
commissioning and offshore testing.

During the representative land-based commissioning tests, one run reached a peak
electrical output of 11 kW, while another produced approximately 5 kW for about
11 min. Subsequent sea trials in the South China Sea recorded a maximum electrical
output of 16.4 kW. The offshore campaign accumulated 4 h 47 min of power generation
across separate runs. These electrical-output values should not be interpreted as full-system
net power because the power required for deep-seawater lifting was not included in the
reported power balance.

The tests also identified several engineering limitations. Cold-side temperature in-
creases and refrigerant liquid-level variations affected the land-based runs, while the
offshore tests encountered liquid-level sensor failure and vibration-triggered shutdowns of
the turbine–generator system. These observations indicate that improved instrumentation,
turbine–generator mechanical reliability, seawater-intake hardware, and operating control
are required before long-duration operation can be established. Future work will therefore
focus on resolving these issues, quantifying the complete system energy balance, and
conducting longer-duration offshore tests under well-defined operating conditions.
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