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Abstract: Ocean thermal energy is an emerging energy source that holds great promise,
especially for tropical countries. Ocean thermal energy conversion (OTEC) efficiency can be
improved by raising the temperature difference between the hot water and the cold water.
In the work reported here, a laboratory-scale closed-cycle OTEC system was constructed
and tested for power output and efficiency. A solar heating system heated the water up
to 70 ◦C. Experiments were conducted at cold water inlet temperatures of 5 ◦C, 8 ◦C, and
11 ◦C. The mass flow rate of the hot water was varied, while that of the cold water was kept
constant. Increasing the hot water inlet temperature from 30 ◦C to 70 ◦C while keeping the
cold water inlet temperature constant at 5 ◦C at the highest mass flow rate of hot water
increased the power output from 32.07 W to 66.68 W (107.9% increase) and the thermal
efficiency from 1.96% to 4.37% (123% increase). The pressure drop across the turbine was
higher for a larger temperature difference between the hot water and cold water, indicating
a higher transfer of energy to the working fluid. Increasing the mass flow rate of the hot
water for the increasing temperature difference between the hot water and cold water
increased the power output and efficiency due to the increase in the energy transfer from
the hot water to the working fluid. Experimental works on solar-boosted OTEC systems
are very rare, and this work should pave the way for practical implementation.

Keywords: ocean thermal energy conversion (OTEC); closed-cycle OTEC; solar-boosted
OTEC; thermal efficiency

1. Introduction
To deal with the harmful effects of climate change, leaders of 196 countries signed

the Paris Agreement in an international treaty at the COP 21 in 2015 [1]. The aim of this
agreement was to combat the climate crisis by reducing greenhouse gas emissions to limit
the global temperature rise to 2 ◦C for this century and to limit the increase to 1.5 ◦C in
the near future [2]. The Emissions Gap Report of 2022, however, indicates that the current
policies in place to achieve the Paris Agreement are not sufficient, as the global temperature
rise is predicted to be around 2.8 ◦C by the end of the century [3]. As per the report, one
of the urgent actions required to close this gap is the expansion of the renewable energy
sector as soon as possible [3] to considerably reduce greenhouse gas emissions.

Renewable energy is an alternative to traditional energy sources such as coal and
oil. Renewable energy is energy produced from naturally available resources such as
the sun and the wind. Renewable energy sources, mainly wind, solar, hydro, biomass,
geothermal, and ocean, are now contributing significantly to the electricity generation of
many countries [4]. The amount of solar energy released from the sun on a daily basis is
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sufficient to meet the energy demand of the earth for an year [5]. The oceans covers around
70% of the earth’s surface, capturing an extensive amount of the solar energy released on a
daily basis [6].

Some of the existing technologies which can be used to extract this energy from the
ocean include wave, tidal, salinity gradient and ocean thermal energy conversion (OTEC)
systems. OTEC power plants have the largest potential compared to other ocean energy
extraction technologies; an estimated 44,000 TWh of steady-state power can be extracted
per year using OTEC [7]. The total available resource for OTEC systems are estimated to be
around 30 TW [7].

An OTEC power plant is essentially a heat engine which operates on the Rankine cycle
utilizing the thermal temperature difference between the warm surface seawater and cold
deep seawater. OTEC power plants can be land-based or mounted on top of a barge which
can be a floating type or moored to the seabed [8]. The OTEC systems can work on an
open cycle, a closed cycle, or a hybrid cycle. An open-cycle OTEC system uses seawater as
the working fluid, whereas a closed-cycle system uses a refrigerant. A closed-cycle OTEC
power plant vaporizes a low-boiling-point working fluid in the evaporator by utilizing the
warm surface seawater. The vaporized high-pressure working fluid is then used to drive a
turbine. The pressure and temperature drop across the turbine produce mechanical work
which is used to drive a generator for generating electricity. The working fluid then flows
to the condenser where deep cold seawater is used to condense the working fluid. The
working fluid is then pressurized and made to flow back to the evaporator using a pump
and the cycle is repeated.

An OTEC plant requires a minimum temperature difference of 20 ◦C between the
two sources to be considered viable [9]. The hot water for the system is supplied from
the ocean surface, which has a temperature range of 26–28 ◦C, whereas the cold water is
drawn from depths of around 1000 m, where the temperature of the water is of the order
of 4–5 ◦C [10]. A temperature difference of 20 ◦C between the warm and the cold waters
gives a Carnot cycle efficiency of about 6.7% [11]. The theoretical thermal efficiency of an
OTEC plant is, however, in a range of 3–5% for a temperature difference of 15–25 ◦C [12].
Numerous research works have shown that the most critical parameter which affects the
thermal efficiency of an OTEC plant is the temperature gradient between the warm and
the cold deep seawater; the greater the temperature difference, the greater the thermal
efficiency.

In a boosted OTEC system, external energy sources are used to enhance the operating
temperature difference of the plant [13]. Researchers have started to employ supplementary
heat sources such as waste energy from industries, solar energy, and geothermal energy to
improve the performance of OTEC plants [14]. In the present work, a solar water-heating
system employing evacuated tubes is used to heat the water before it enters the evaporator
and transfers heat to the working fluid. The increased temperature difference is expected
to enhance the performance of the OTEC power plant. The temperature difference between
the hot inlet water and cold inlet water was varied over a wide range and at different
mass flow rates of the hot and cold water to study their effect on the power output and
efficiency of the closed-cycle OTEC plant. Considering the high solar insolation available
in the tropical region, this work would be extremely beneficial in gauging the usefulness of
OTEC and making investment decisions.

In terms of review of OTEC systems, Liu et al. [15] carried out a review of closed-cycle
OTEC systems considering the effect of a number of parameters on cycle efficiency. Some of
the parameters reported to positively affect the OTEC cycle efficiency were the utilization of
other energy sources to enhance the temperature difference in the cycle, reducing the heat
loss during the phase changing process in the heat exchanger by using a non-azeotropic
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mixture as a working fluid, and using an ejector to increase the pressure difference across
the turbine and through heat recovery. Abbas et al. [11] also carried out a review on
the enhancement of OTEC systems and reported similar findings. They stated that the
steam turbine can be optimized to improve the efficiency of the system, the operating
temperature difference of the system can be enhanced by the use of external heat sources,
non-azeotropic working fluid can be used to reduce heat losses in the evaporator, the
turbine pressure difference can be increased by increasing the turbine inlet pressure, the
turbine back pressure can be reduced, and an ejector can be used to reduce the turbine
outlet pressure, which will improve the turbine pressure drop. In another review, Zhang
et al. [16] identified mechanical issues incurred by an OTEC system during the design
and operation period. The three major mechanical issues identified were the need for a
low-pressure and -temperature steam turbine to be designed specifically for OTEC plants
to improve the efficiency of the system, the consideration of the effect of hydrodynamics
on the cold water pipe, and the overall seakeeping performance of the system. Langer
et al. [17] conducted a review on the progress of economics in OTEC systems and identified
seven knowledge gaps and provided recommendations to minimize these gaps for future
research. They also suggested that the problems were mainly due to a lack of long-term
operational data and experience in OTEC technologies.

With respect to site-based studies, Zereshkian and Mansoury [5] investigated the
feasibility of OTEC plants for supplying electricity to offshore oil and gas fields located in
the Caspian Sea in Iran, where the vertical water temperature difference is low because
of shallow depths. Out of all the locations studied, the optimum temperature of 20 ◦C
was available only in the southern Caspian basin during the months of July, August, and
September. The eastern part of this basin has a depth of 200 m and was identified as the
best location for an OTEC plant, providing an optimal temperature difference greater than
20 ◦C for 62 days in a year. Langer et al. [18], in their study, presented a model which can
be used to upscale small OTEC systems to meet local electricity demands. They reported
that, by 2050, an OTEC system with up to 45 GW capacity can be installed in Indonesia,
catering for 22% of the national demand. It was also reported that upscaling the OTEC
should only be donefor regions with high electricity demand in order for the system to
be feasible. OTEC must grow by 28% per year, a value comparable to wind and solar
power, in order to contribute to energy transition globally. Arias-Gaviria et al. [19] studied
the potential of deep ocean water for five cities in the Caribbean and determined that the
available deep ocean water potential per city is around 50 m3/s, enough to fully meet a
city’s air-conditioning requirement together with 60% of a city’s electricity requirement.
Osorio et al. [20] proposed an ocean thermal energy Eco Park for the Colombian island of
San Andrés. They proposed a four-stage process for the consolidation of their idea, which
included an OTEC and a seawater air-conditioning system. The first stage of preliminary
study was already completed in the study. The next two stages included the feasibility and
completion of the final design. The final process included the utilization of discharge deep
ocean water for other industries. Souza et al. [21] investigated the idea of an ocean thermal
energy park to be located in Brazilian Blue Amazon, which covers 1.89 million km2, showing
the potential for nearly 376 OTEC plants. They also stated that the park would remove
60.16 GW of ocean heat and 8.13 kg/s of CO2 under maximum operational conditions.

Researchers have also evaluated the effect of changing the working fluid on the
performance of an OTEC system. Chen et al. [22] reported results from theoretical and
experimental studies on an OTEC system operating on the Rankine cycle. Out of the several
working fluids studied, R717 was reported to be the most suitable refrigerant for an OTEC
system. The thermal efficiency from the experiments increased from 1.659% to 1.954% when
the turbine inlet pressure was raised from 1.3 MPa to 1.5 MPa. The theoretical cycle thermal



Energies 2025, 18, 127 4 of 28

efficiency, however, was reported to be 3.851% at a turbine inlet pressure of 1.44 MPa. It
was also reported that the theoretical results were higher than the experimental results
due to factors such as assumed thermal efficiencies for theoretical calculations. Wang
et al. [23] carried out a multi-objective optimization for the levelized cost of electricity
(LCOE) and exergy efficiency for an OTEC model working on different working fluids.
The six working fluids, i.e., R717, R601, R152a, R600a, R134a, and R227ea, produced
Pareto solutions of USD 0.34/kWh, USD 0.52/kWh, USD 0.52/kWh, USD 0.55/kWh, USD
0.57/kWh, and USD 0.67/kWh for LCOE. It was also reported that LCOE and exergy
efficiency are conflicting parameters and could not be simultaneously optimized. Yang
and Yeh [24] investigated the effect of R717 on the performance of an OTEC system by
using it as a pure working fluid and blending it with R32 and R1234YF at different mass
fraction ratios. The R717/R32 blend with a mass fraction ratio of 0.21/0.79 improved the
maximum net power output by 18.9% and the R717/R1234YF blend with a mass fraction
ratio of 0.41/0.59 improved the maximum power output (net) by 12.23% compared to the
pure R717 working fluid.

Several researchers have also focused on hybridizing OTEC systems. Ishaq and
Dincer [25] carried out a comparative study for hydrogen production systems utilizing
OTEC, wind, and solar energy. The energy efficiencies for the OTEC-, solar-, and wind-
based systems were reported to be 5.61%, 32.7%, and 33.51%, respectively. Hasan and
Dincer [26] investigated a novel tri-generation OTEC system in which an organic Rankine
cycle was used to produce electricity. The electricity was then used to power a multi-
stage ammonia synthesis system and the discharge seawater from the condenser was used
to provide district cooling. The maximum cooling capacity for this cooling system was
reported to be 64.4 MW. Yilmaz [27] evaluated a novel hybrid OTEC system combined with
a wind turbine designed to meet the energy requirements for a petrol station in Antalya,
Turkey. The energy efficiency for the hybrid system was reported to be 12.27% compared
to 4.49% for the OTEC system. Khanmohammadi et al. [28], in their study, presented
two hybrid OTEC systems. The first hybrid system was a solar-OTEC system (S-OTEC)
which utilized flat plate collectors, whereas, in the second design, the S-OTEC system was
combined with a thermoelectric generator (S-OTEC/TEG). Idrus et al. [29] developed a
thermodynamic model to investigate an OTEC system combined with a geothermal waste
energy superheater installed between the evaporator and the turbine. The study reported
that, as the working fluid’s superheat was increased, the thermal efficiency of the system
also increased. An interesting observation reported was that, when the quality of the vapor
at the exit of the evaporator was 0.5, the efficiency of the cycle was 4.61%, but when the
quality of the vapor was increased to 1.0, the cycle efficiency reduced to 4.53%. Another
observation made was that, as the superheat of the working fluid increased, the required
mass flow rate of the working fluid was significantly reduced. The maximum power output
of the proposed plant was reported to be 32.593 MW with 27.49 MW of geothermal waste
energy input. Aydin et al. [30] carried out a numerical design point analysis on a 100 kW
OTEC system by either preheating the surface seawater before it entered the evaporator
or by superheating the working fluid after it exited the evaporator. Both cases increased
the net power output by 20–25%. For the case of superheating, the thermal efficiency was
reported to improve by 60% compared to the OTEC cycle, indicating that superheating the
working fluid was a better approach. Khosravi et al. [31] proposed a hybrid OTEC/PV
concept with a hydrogen-based system for energy storage. The proposed system was tested
with a number of working fluids for optimal maximum specific power. R717 was reported
to provide the maximum specific power of 0.3622 kW/m2. The cost of electricity was
improved to USD 0.168/kWh compared to USD 0.28/kWh for previously proposed OTEC
systems. Malik et al. [32] carried out multi objective optimization on a concept including a
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solar-assisted OTEC system, PEM electrolyzer, and a thermoelectric generator to produce
electricity and hydrogen. The study reported that the exergy efficiency, net power output,
and sustainability of the system improved when a thermoelectric generator was employed.
The production rate of hydrogen was also reported to be directly proportional to the power
output of the proposed system. Yilmaz et al. [33] carried out a thermodynamic study on an
OTEC-based multigeneration plant integrated with a hydrogen generation and liquefaction
system. Ahmadi et al. [34] developed a program using MATLAB software to simulate an
OTEC system coupled with a PEM electrolyzer. The electric power produced from the
turbine was used to power the PEM electrolyzer for hydrogen production. The integrated
OTEC system was estimated to have an energy efficiency of 3.6%. Semmari et al. [35]
proposed the concept of utilizing a CAPILI engine in an OTEC cycle. The CAPILI engine
uses an inert gas as a liquid piston between two cylinders, which are connected to the
evaporator and the condenser along with a suitable working fluid. The most suitable
working fluid for the CAPILI cycle was reported to be R-134a refrigerant. The efficiency of
the CAPILI cycle was 3.82% while operating at a pressure difference of 190 kPa. Hu et al. [36]
proposed the concept of integrating a compression-assisted ammonia–water absorption
refrigeration cycle to an OTEC system. Kim et al. [37], in their study, utilized effluent from
a nuclear power plant to evaporate the working fluid instead of the warm ocean surface
water. They concluded that the thermal efficiency of the OTEC plant improved by 2% when
using the effluent. Bombarda et al. [38] studied the effect of three-level organic Rankine
cycle modules in series and solar hybridizing on the OTEC plant. They determined that
the three-level cycle results in an approximately 30% improvement in the performance of
the system, and solar hybridization boosts the energy production of the OTEC system by
almost three times during daytime operation.

Wu et al. [39] investigated the dual-pressure organic Rankine cycle by introducing
a secondary evaporator and turbine in the OTEC system. They determined that a dual-
pressure organic Rankine cycle improves the thermal efficiency by 1.24% and net power
output by 1.38% compared to a single-pressure organic Rankine cycle. They also stated that
an increase in warm water inlet temperature and the diameter ratio of the turbine wheel
positively affect the net power output, whereas an increase in cold water inlet temperature
and the mass flow rate of the working fluid negatively affect the power output (net) of their
proposed system. OTEC systems are now being seriously considered as base-load power
plants, as they can provide power round the clock. In view of the changing rain patterns,
the utility companies of many countries are considering moving to OTEC as their base
power plant. As the thermal efficiency of the OTEC plant operating between the surface
seawater and cold deep seawater is normally of the order of 20–25 ◦C, ways should be
found to improve the thermal efficiency. Solar-boosted OTEC plants are proposed and
studied only theoretically [29,33,35]. However, no detailed experimental works have been
reported on systematically increasing the hot water inlet temperature over a wide range.
The present work addressed this lack of experimental results and also proposed options of
heating the surface water to temperatures from 30 ◦C to 70 ◦C to achieve higher efficiencies
and power outputs.

2. Materials and Methods
An evacuated-tube solar water-heating system supplied by Jiangsu Micoe Solar Energy

Co., Ltd., Jiangsu, China, as shown in Figure 1, was used to supply hot water to the
evaporator of the OTEC plant.
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Figure 1. A photograph of the evacuated-tube solar water-heating system.

An evacuated tube consists of a small-diameter glass tube concentrically suspended
inside of a large-diameter glass tube with one end of the glass sealed off. The details of an
evacuated tube can be seen in [40]. The outer surface of the vacuum tube is coated with
excellent light-absorbing and minimal light reflection material such as titanium nitride
oxide or aluminum nitrate to maximize solar radiation absorption. The air between the
two concentric glasses is evacuated, creating a layer of vacuum which acts as a thermal
insulation eliminating convective and conductive heat losses. A number of evacuated tubes
can be connected to a header tank to form a solar collector. One or more solar collectors can
be connected in parallel along with a tank and a circulation pump to form a heating system
where the number of evacuated tubes and the size of the tank are dependent on the hot
water demand.

Figure 2 depicts the layout of the evacuated tubes and the header manifold. As
mentioned earlier, many tubes can be connected to a header tank to form a solar collector;
in this case, a total of 200 tubes were provided on both sides of the header tank. The heated
water rises up the tubes, is discharged to the header tank, and, finally, is collected in the
tank, as shown in Figure 1.
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A schematic diagram of the solar-boosted OTEC power plant is presented in Figure 3.
Solar radiation from the sun comes into contact with the evacuated tubes as early as 6 a.m.
The radiation from the sun passes the outer transparent glass of the evacuated tube and
heats up the water inside of the inner tube. As the water in the evacuated tube heats up,
due to the small inclination angle of the evacuated tube, the thermosyphon effect causes the
warm water in the evacuated tube to move into the header manifold, and cold water inside
of the header manifold moves into the evacuated tube. As the temperature of the water in
the header manifold increases by a pre-set degree, the water circulation pump turns on,
pumping the warm water from the evacuated tube into the water tank. As the warm water
is transferred to the tank, the water at a lower temperature, which is at the bottom of the
tank, is transferred to the evacuated tubes. This cycle continues as long as sufficient solar
insolation is available to provide heating. As the cycle continues, the water temperature in
the tank reaches temperatures of 60–80 ◦C. Once the required water temperature is reached,
a secondary pump can be used to transfer the water to the evaporator of the OTEC system.
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Figure 3. Schematic diagram of the solar-boosted OTEC system.

Figure 4 shows the T-s diagram of the cycle on which the closed OTEC system operates.
Process 1–2 is the work-producing process in the turbine, during which isentropic expansion
of the working fluid takes place; process 2–3 is condensation in the condenser; process
3–4 is isentropic pressure rise in the pump; and process 4–1 is the constant pressure heat
addition (absorption) in the evaporator.
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Table 1 shows the specifications of the evacuated-tube solar heating system used for
experimentation in the present work. Each evacuated tube has a length of 1800 mm, an
outer tube diameter of 58 mm, and an inner tube diameter of 47 mm. The storage tank has
a volume of 1140 liters. The system is also provided with backup heaters that can heat the
water up to 100 ◦C.

Table 1. Specification of the evacuated-tube solar water heater.

Component Parameter Specification Unit

Evacuated Tube

Outer Tube Diameter 58 mm

Inner Tube Diameter 47 mm

Glass Thickness 1.6 mm

Length 1800 mm

Material Borosilicate Glass 3.3 -

Volume 3.12 L

Weight 2.2 kg

Vacuum Pressure 0.005 Pa

Absorption 92 %

Number of tubes 200 -

Manifold

Header Tank Length 2000 mm

Header Tank Width 160 mm

Header Tank Height 160 mm

Header Tank Volume 51 L

Tubes per Header Tank 50 -

Material Aluminum Alloy -

Insulation Material Glass wool, Aluminum
Foil, Polyurethane -

Storage Tank Volume 1140 L

Backup Heaters

Power 18,000 W

Temperature Range 0–100 ◦C

Length 220 mm

Circulation Pump
Maximum Flow Rate 60 L/min

Total Head 4 m

System Total Volume 1968 L

The components of the small closed-cycle OTEC power plant were procured and then
connected with suitable piping in the Fluid Mechanics lab of The University of the South
Pacific. The setup consisted of a condenser, evaporator, turbine, working fluid pump,
reserve tank, and refrigerant flowmeter. The evaporator used in this work was a plate
heat exchanger, supplied by Tianjin Botai Heat-exchanger Equipment Co., Ltd., Tianjin,
China. R-134a was employed as the working fluid in the present work. Figure 5 shows
the experimental setup for the OTEC plant. The hot water supply was sourced from the
solar heater tank, which allowed a large temperature difference to be investigated for the
performance of the OTEC plant. The pipe carrying the hot water from the solar heater tank
to the OTEC setup was insulated to ensure that the water temperature did not drop as it
reached the evaporator unit of the setup.
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A turbine housing was designed, taking into consideration the high operating pressure
of an OTEC plant. Figure 6 given below shows the fabricated turbine housing. An 11-
bladed axial flow turbine was installed inside of the turbine housing. Additional pictures
of the setup and the components are provided in the supplementary material.
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Figure 6. A photograph of the turbine housing.

A shell-and-tube-type heat exchanger, as shown in Figure 7, was designed and fabri-
cated to be used as a condenser for the present setup. Baffles were added along the tube
bundles to ensure that effective heat transfer took place between R-134a and the cold water.
The temperature of the cold water at the inlet and at the outlet was lower than that of
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the surrounding temperature; this may have caused some heat gain in the condenser and
reduced the rate of heat transfer.
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Figure 7. A closer view of the shell-and-tube heat exchanger that was used as a condenser.

An LP22E refrigerant pump (part of the setup in Figure 5), manufactured by National
Refrigeration Products, PA, USA, was used to circulate the refrigerant within the system. A
voltage regulator was used to regulate the supply voltage to the pump to control the flow
rate of the refrigerant. An industrial-grade Alfa Laval type single-pass-plate heat exchanger
served as the evaporator in the system. A GPI commercial-grade flowmeter, manufactured
by GPI Flow Meters, NJ, USA, was also installed after the refrigerant pump to measure the
refrigerant flow rate. A water chiller, supplied by Iceman Fiji Pvt. Ltd., Suva Fiji, was used
to supply cold water to the condenser. Specifications for all the components are provided
in Table 2.

The specifications of the measuring instruments used during the experimentation are
provided in Table 3. K-Type thermocouple and Wika pressure gauges, manufactured by
Wika Alexander Wiegand SE & Co. KG, Klingenberg, Germany, were installed before and
after each of the major components. A center 305 datalogger thermometer, manufactured by
Center Technology Corporation, Taipei, Taiwan, R.O.C., was used to log all the temperature
readings during the experiments. The pressure readings were directly obtained from the
pressure gauges. The GPI low-flow aluminum flowmeter recorded the refrigerant flow rate.
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Table 2. Specifications of the major components of the OTEC plant.

Component Parameter Specification Unit

Refrigerant pump
Power rating 372.8 W

Mass flow rate capacity 0.15 kg/s

Evaporator

Heat transfer area 10.08 m2

Relative fluid direction Countercurrent -

No. of plates 47 -

No. of effective plates 45 -

Plate thickness 0.5 mm

Plate material Titanium -

Design pressure 7 bar

Design temperature 130 ◦C

Condenser

Heat transfer area 3.01 m2

Relative fluid direction Countercurrent -

No. of tubes 20 -

Tube material Copper

Tube diameter 30 mm

Tube length 1.6 m

Shell material Mild Steel -

Shell diameter 0.3 m

Shell length 1.8 m

Design pressure 1500 kPa

Design temperature N/A -

Hot and cold water
supply pumps

Power rating 750 W

Maximum flow rate 60 L/min

Maximum suction head 8 m

Maximum discharge
head 50 m

Table 3. Specifications of the measuring instruments used in the present work.

Instrument Range Resolution Accuracy

K-Type thermocouple −50–250 ◦C 0.1 ◦C ±1 ◦C

Wika Pressure gauge (Model:
EN837-1) 0–4000 kPa 1 kPa ±1% of reading

GPI commercial grade
flowmeter

(Model: A109A025LM)
1–11 L/min 0.01 L/min ±1% of reading

Center 305 Datalogger
Thermometer −200–1370 ◦C 0.1 ◦C ±0.3% + 1 ◦C

The performance of the OTEC system was experimentally tested first by varying
the hot water inlet temperature from 30 ◦C to 70 ◦C while keeping the cold water inlet
temperature and mass flow rate fixed at 5 ◦C and 0.25 kg/s, respectively. The mass
flow rate of the hot water was varied from 0.1 kg/s to 0.25 kg/s for each of the hot
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water temperatures. The cold water inlet temperature was then increased to 8 ◦C and the
experimentation was repeated. Finally, the cold water inlet temperature was raised to 11 ◦C
and the experimentation was once again repeated. The temperature and pressure readings
after the evaporator, turbine, condenser, and the working fluid pump were recorded. The
cold and hot water mass flow rates and their inlet and outlet temperatures were also
recorded. The mass flow rate of the refrigerant was kept constant at 0.0084 kg/s.

An Engineering Equation Solver (EES) program, previously used in [41], was used to
obtain the enthalpy values of the refrigerant at each point of the cycle for further analysis.
The refrigerant properties including the pressure and temperature at each stage of the cycle
were fed into the EES program to obtain the enthalpy values. The enthalpy values were
then used to calculate some of the output parameters. The rate of heat input to the working
fluid was obtained from the mass flow rate and the change in enthalpy; the error in the
estimation of the rate of heat input was obtained from the resolution and accuracies of the
flow meter and the enthalpies. The absolute maximum error in the estimation of the heat
addition rate was estimated to be ±2.15%. The error in the estimation of the power output
was estimated to be ±2.4%. The thermal efficiency is the ratio of the power output and the
rate of heat input; the maximum error was estimated to be ±1.8%.

3. Results
The evacuated-tube solar water-heating system used in this study was initially tested

from June 2020 to January 2021. Figure 8 given below shows the temperature of the water
in the evacuated tubes and the storage tank from 6.00 a.m. to 12.00 a.m. on a sunny day.
The water temperature in the evacuated tubes increases as soon as solar radiation contacts
the evacuated tubes. When the water temperature in the evacuated tube increases by a
preset value, e.g., 5 ◦C, the circulation pump automatically turns on, pumping hot water
from the evacuated tubes to the storage tank and supplying new water from the tank
to the evacuated tubes. The rate of temperature rise of the water in the storage tank is
relatively low in the morning due to the large volume of water. The water temperature
in the evacuated tubes and the storage tank increases with increasing solar insolation
and reaches a maximum at 4.00 p.m. The maximum temperature of the water, as seen in
Figure 8, is 83 ◦C in the evacuated tubes and 81 ◦C in the storage tank. At 5.00 p.m., the
temperature of the water in the evacuated tubes starts dropping because of the absence
of solar radiation. The circulation pump is turned off at this instance. The hot water
available in the storage tank at this time can be utilized in the OTEC plant. There is a
slight reduction in the temperature of the water in the storage tank after 5.00 p.m. due to
convective and radiative losses. After 5.00 p.m., i.e., in the absence of solar insolation, the
temperature of the water in the evacuated tubes significantly reduces due to convective and
radiative losses. Similar trends were seen for days on which solar insolation was minimal.
The temperature of the water in the evacuated tubes and the storage tank increases until
4.00 p.m. and then the water temperature in the storage tank slightly reduces, while the
temperature of the water in the evacuated tubes rapidly falls.

The effect of different average daily solar insolations on the water temperature in the
storage tank was also observed from 6.00 a.m. to 12.00 a.m., as shown in Figure 9. The
solar insolation for the duration during which direct sunlight mostly fell on the system
was averaged and used in this analysis. The average solar insolation for which water
temperatures were recorded varied from 32 W/m2 to 367 W/m2. The highest water
temperature of 82 ◦C, which was available for supply to the OTEC plant, was recorded at
an average daily solar insolation of 367 W/m2. On a day which had relatively low solar
radiation, i.e., the weather during the day was gloomy and cloudy, the daily average solar
insolation was 32 W/m2. Despite the low average daily solar insolation of 32 W/m2, the
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maximum water temperature in the storage tank available for use in the OTEC plant was
68 ◦C.
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Figure 10 shows the thermal efficiency of the OTEC plant and the power output against
the hot water flow rates. For all the hot water inlet temperatures, i.e., 30 ◦C to 70 ◦C, the
thermal efficiency and the power output increase as the mass flow rate of the hot water
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increases. The highest hot water inlet temperature that was used in the present work was
70 ◦C; this was due to the loss of energy from the pipe carrying the hot water from the
solar system to the OTEC setup. As the mass flow rate of the hot water increases, more
heat energy is added by the hot water to the working fluid. This increased heat transfer
improves the turbine performance, hence, enhancing the thermal efficiency and the power
output. As seen in Figure 10A, when the mass flow rate of the hot water is 0.1 kg/s and the
hot water and cold water inlet temperatures are 30 ◦C and 5 ◦C, respectively, the thermal
efficiency and power output are 1.39% and 22.78 W, respectively. The thermal efficiency
and power output increase to 1.96% and 32.07 W when the mass flow rate of the hot water
is increased to 0.25 kg/s, keeping the inlet temperatures constant for both the hot and the
cold water. Faizal et al. [41] presented similar results on the effect of the mass flow rate
of hot water on thermal efficiency and power. As the temperature of the hot water inlet
rises, the thermal efficiency and the power output of the system increase. However, it
should be noted that the increase in power output and efficiency is higher when the hot
water inlet temperature increases from 30 ◦C to 40 ◦C compared to when it increases from
60 ◦C to 70 ◦C. This could be due to some loss of energy to the surroundings when the hot
water inlet temperature is 70 ◦C, as the temperature difference between the water and the
surroundings increases in this case.

The effect of cold water inlet temperature on the thermal efficiency of the OTEC
cycle and the power output are presented in Figure 11. The thermal efficiency of the
OTEC cycle and power output are generally dependent on the operating temperature
difference of the system, i.e., the temperature difference between the hot water and the
cold water inlet temperatures. Increasing the cold water inlet temperature reduces the
operating temperature difference of the system, hence, directly reducing the thermal
efficiency and the power output. As the cold water inlet temperature is increased, the
condensation temperature also increases. An increase in the condensation temperature
causes the enthalpy at the turbine outlet to also increase, which directly reduces the thermal
efficiency and the power output. As can be seen from Figure 11B, when the hot water inlet
temperature is kept constant at 40 ◦C, the mass flow rate is kept constant at 0.25 kg/s and
the cold water inlet temperature is 5 ◦C, the thermal efficiency is 2.57%, and the power
output is 41.35 W. However, when the cold water inlet temperature is increased to 8 ◦C,
the thermal efficiency reduces to 2.46% and the power reduces to 39.66 W. The thermal
efficiency and the power output further decrease to 2.40% and 38.82 W when the cold
water inlet temperature is increased to 11 ◦C. Yang and Yeh [42] presented similar trends on
the effect that condensation temperature has on the power output of the system. Ahmadi
et al. [34], in their study, also concluded that an increase in the condensation temperature
reduces the net power output of the system. Chen et al. [22] also showed a similar trend on
the effect that condensation temperature has on the thermal efficiency. At a fixed turbine
inlet pressure of 0.85 MPa, when they increased the condensation temperature by three
degrees from 6 ◦C to 9 ◦C, the thermal efficiency of the cycle decreased from 3.5% to 2.8%.
Yuan et al. [43], in their study, also stated that a lower cooling source temperature was
beneficial to the performance of the cycle.

The effect of varying the hot water inlet temperature on the thermal efficiency and
the power output are presented in Figure 12. Idrus et al. [29], in their study, suggested
that the most effective way to improve the thermal efficiency of the Rankine cycle is by
increasing the inlet temperature of the hot water. Increasing the inlet temperature of
hot water increases the operating temperature difference of the system, which causes the
enthalpy drop across the turbine to increase, which has a positive effect on the power
output and the thermal efficiency of the system. Gao et al. [44] increased the temperature at
the solar collector outlet from 54 ◦C to 72 ◦C to superheat the working fluid and found that



Energies 2025, 18, 127 15 of 28

the thermal efficiency increased in the range of 2.02–3.26%. As can be seen in Figure 12A,
when the cold water inlet temperature is kept constant at 5 ◦C and the hot water mass flow
rate is kept constant at 0.25 kg/s, the thermal efficiency and power output significantly
improve as the hot water inlet temperature is raised from 30 ◦C to 70 ◦C. When the hot
water inlet temperature is 30 ◦C, the thermal efficiency is 1.96% and the power output is
32.07 W. However, when the hot water inlet temperature is increased to 70 ◦C, keeping
other parameters constant, the thermal efficiency and the power increase to 4.37% and
66.68 W, respectively.
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Figure 13 shows the effect of operating temperature difference on the turbine inlet
pressure for different cold water inlet temperatures. The turbine inlet pressure increased
as the operating temperature difference of the system was increased. When the operating
temperature difference of the system was 19 ◦C, the turbine inlet pressure was 570 kPa;
however, when the operating temperature difference was increased to 65 ◦C, the turbine
inlet pressure increased to 1140 kPa. Faizal et al. [41] presented similar results on the effect
that the system operating temperature difference has on the turbine inlet pressure.
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The effect of operating temperature difference on the pressure drop across the turbine
is depicted in Figure 14. For a 5 ◦C cold water inlet temperature and a 30 ◦C hot water inlet
temperature, the operating temperature difference was 25 ◦C. At this operating temperature
difference, the pressure drop across the turbine was 80 kPa. However, at the same cold
water inlet temperature, when the operating temperature difference was increased to 65 ◦C
by increasing the inlet temperature of the hot water to 70 ◦C, the turbine pressure drop
increased to 255 kPa.
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Figure 14. Pressure drop across the turbine against the operating temperature difference for different
cold water inlet temperatures.

For all the operating temperature differences that were experimented, the turbine inlet
pressure and the pressure drop across the turbine are presented in Figure 15. It can be seen
from the figure that the turbine inlet pressure and pressure drop increase linearly as the
operating temperature difference is enhanced. At the minimum operating temperature
difference of 19 ◦C, the turbine inlet pressure and the pressure drop across the turbine
were recorded to be 570 kPa and 70 kPa, respectively. However, when the cycle operating
temperature difference was increased to 65 ◦C, the turbine inlet pressure and the pressure
drop across the turbine increased to 1140 kPa and 255 kPa, respectively. Faizal et al. [41]
presented similar trends on the effect of operating temperature difference on the turbine
inlet pressure and the pressure drop across the turbine.

According to Yang and Yeh [42], greater warm water temperatures and lower cold
water temperatures enhance the efficiency and power output of an OTEC system. Figure 16
shows the effect of operating temperature difference on the thermal efficiency of the system.
The results presented in Figure 16 are also for all the possible operating temperature
differences that were experimented. Increasing the operating temperature difference of
the system significantly improves the thermal efficiency of the OTEC cycle. Increasing the
operating temperature difference results in a greater pressure drop across the turbine, as
seen in Figure 15 given above. An increase in the pressure drop across the turbine has a
positive effect on the thermal efficiency of the OTEC cycle. When the hot water mass flow
rate was kept constant at 0.25 kg/s and the operating temperature difference of the system
was increased from 19 ◦C to 65 ◦C, the thermal efficiency of the OTEC cycle improved from
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1.75% to 4.37%. Yuan et al. [43], in their study, showed that a higher operating temperature
difference will lead to improved thermal efficiency. Faizal et al. [41] also showed a similar
relationship between the thermal efficiency and increasing temperature difference. Yamada
et al. [45] also studied the effect of solar-boosting an OTEC system on the net thermal
efficiency of the OTEC system. They stated that the net thermal efficiency of an OTEC
system operating during daytime is around 2.3%. They also reported that solar-boosting
the OTEC system by 20 K and 40 K improves the net thermal efficiency to 6.3% and 9.5%,
respectively. Aydin et al. [30] also reported that solar-superheating the OTEC system
improves the net thermal efficiency by about 60%. Nguyen and Lee [46] also found, in their
study, that the annual average efficiency increases from 2–4% to 6.23% when solar thermal
energy was employed as a secondary heating system in an OTEC cycle. Setiawan et al. [47]
also showed that increasing the operating temperature difference of the OTEC cycle by
increasing the warm water inlet temperature from 26 ◦C to 33.5 ◦C increases the thermal
efficiency from 7.1% to 9.54%.
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Figure 17 depicts the effect of the operating temperature difference of the system
on the power output. The power output also linearly increases as the operating temper-
ature difference is increased. When the hot water mass flow rate was kept constant at
0.25 kg/s and the operating temperature difference of the system was increased from
19 ◦C to 65 ◦C, the power output increased from 28.69 W to 66.68 W. Numerous re-
searchers have also shown similar trends between power output and operating temperature
difference [30,31,42,44,47–49].
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Figure 17. Effect of operating temperature difference on the power output at different mass flow rates
of the warm water.

The effect of the pressure drop across the turbine on the thermal efficiency and the
power output was investigated by plotting the two output parameters against the pressure
drop. It can be seen from Figure 18 that the thermal efficiency and power output show an
increasing trend with a rising pressure drop across the turbine. Abbas et al. [11], in their
review, concluded that increasing the turbine inlet pressure and reducing the turbine back
pressure improves the pressure drop across the turbine, which results in the improvement
of the thermal efficiency of the system and the power output.
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Figure 19 shows the effect of the turbine pressure inlet on the thermal efficiency of the
OTEC cycle and the power output. It can be seen that both the thermal efficiency of the
OTEC cycle and the power output increase as the turbine inlet pressure increases. For the
highest hot water flow rate, i.e., 0.25 kg/s, the thermal efficiency of the OTEC cycle and
the power output were 1.75% and 28.69 W, respectively, for the turbine inlet pressure of
570 kPa. However, when the turbine inlet pressure was increased to 1140 kPa, the thermal
efficiency of the OTEC cycle increased to 4.37% and the power output increased to 66.68 W.
Similar trends were seen for all the hot water flow rates.
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Figure 19. Thermal efficiency of the cycle and power output against the turbine inlet pressure.

Figure 20 shows the effect of the working fluid temperature at the turbine inlet on
the thermal efficiency of the system and the power output. The turbine inlet temperature
increases when the hot water inlet temperature increases. This is because of improved heat
transfer between the hot water and the working fluid due to greater temperature difference
between the two fluids [41]. An increase in turbine inlet temperature positively affects the
thermal efficiency of the OTEC cycle and the power output of the turbine.
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The effect of the temperature drop of the hot water in the evaporator on the thermal
efficiency of the cycle is shown in Figure 21. In this case, the hot water inlet temperature was
varied from 30 ◦C to 70 ◦C. At any given hot water mass flow rate, the thermal efficiency
increases as the temperature drop of the hot water increases. As can be seen in Figure 21A,
when the mass flow rate of the hot water is kept constant at 0.25 kg/s and the hot water
temperature drop is increased from 7 ◦C to 12 ◦C, the thermal efficiency of the OTEC cycle
increases from 1.96% to 4.37%. An increase in the temperature drop of the hot water causes
an increase in the temperature rise of the working fluid at the turbine inlet, which positively
affects the thermal efficiency of the OTEC cycle.
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Figure 21. Thermal efficiency as a function of the temperature drop of the hot water at different flow
rates at cold water inlet temperatures of 5 ◦C (A) to 11 ◦C (C).

One very interesting observation to make is the effects of hot water mass flow rate
on the trends presented in Figure 21. For the highest mass flow rate of the hot water, i.e.,
0.25 kg/s, the slopes are leaning towards the vertical axis. This indicates that, at higher
mass flow rates, the temperature drop of the hot water is less, but the amount of heat
transferred per unit time to the working fluid is greater, resulting in an enhancement in
thermal efficiency. However, for the lowest hot water mass flow rate, i.e., 0.1 kg/s, the
slopes are leaning towards the horizontal axis, indicating the larger temperature drop of the
hot water. In this case, since the mass flow rates are lower, the heat transfers to the working
fluid are lower, resulting in lower thermal efficiencies. As can be seen in Figure 21A, when
the mass flow rate of the hot water was 0.1 kg/s, the maximum temperature drop of the
hot water was measured to be 28.2 ◦C. At this mass flow rate and temperature drop, the
thermal efficiency was 3.89%. However, when the mass flow rate of the hot water was
0.25 kg/s, the maximum temperature drop of the hot water was measured to be only 12 ◦C.
At this mass flow rate and temperature drop, the thermal efficiency was 4.37%.
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Figure 22 shows the effect of the temperature drop of the hot water in the evaporator
on the turbine power output. The trends seen in Figures 21 and 22 are similar. As can
be seen in Figure 22A, when the hot water mass flow rate is 0.25 kg/s and the hot water
temperature drop increases from 7 ◦C to 12 ◦C, the turbine power output increases from
32.07 W to 66.68 W.

Energies 2025, 18, x FOR PEER REVIEW 28 of 34 
 

 

 

Figure 22. Power output of the system against the temperature drop of the hot water at different 
flow rates at cold water inlet temperatures of 5 °C (A) to 11 °C (C). 

4. Discussion 
The evacuated-tube solar tubes used in the heating system were able to provide a 

high temperature difference in the present work. Yamada et al. [45] investigated the re-
quired area of the collector to solar-boost the OTEC plant by 20 K and 40 K. They stated, 
in their study, that, for a 40 K boost, the area required for a flat plate collector was 5333 
m2, which was 893 m2 larger than the required area of the flat plate collector for a 20 K 
boost. This was because of the drop in the efficiency of the flat plate collector as the col-
lector area increased. However, for an evacuated-tube collector, the required collector area 
for a 40 K boost was 100 m2 less than the area of the collector for a 20 K boost. This is 
because the evacuated-tube collector maintains its efficiency regardless of the area. 

From Figure 9, it is clear that, on days with high solar insolation, the water tempera-
ture rises considerably. At an average solar insolation of 367 W/m2, the water temperature 
increased to 82 °C. Thus, it is clear that higher power output and thermal efficiency can be 
obtained when the solar insolation is higher due to an increased hot water inlet tempera-
ture and the resulting higher temperature difference. This can clearly be seen from the 
results presented in Figure 10 for the cold water inlet temperature of 5 °C. For the hot 
water inlet temperature of 70 °C, the thermal efficiency was found to be nearly 3.9% at a 
mass flow rate of 0.1 kg/s, which increased to 4.38% when the mass flow rate increased to 
0.25%. The power output increased from 59 W to 66.68 W for this case. This is due to a 
rate of energy transfer from the hot water to the working fluid in this case. On the other 
hand, the thermal efficiency and the power output are significantly lower when the cold 

Figure 22. Power output of the system against the temperature drop of the hot water at different flow
rates at cold water inlet temperatures of 5 ◦C (A) to 11 ◦C (C).

4. Discussion
The evacuated-tube solar tubes used in the heating system were able to provide a high

temperature difference in the present work. Yamada et al. [45] investigated the required
area of the collector to solar-boost the OTEC plant by 20 K and 40 K. They stated, in their
study, that, for a 40 K boost, the area required for a flat plate collector was 5333 m2, which
was 893 m2 larger than the required area of the flat plate collector for a 20 K boost. This
was because of the drop in the efficiency of the flat plate collector as the collector area
increased. However, for an evacuated-tube collector, the required collector area for a 40 K
boost was 100 m2 less than the area of the collector for a 20 K boost. This is because the
evacuated-tube collector maintains its efficiency regardless of the area.

From Figure 9, it is clear that, on days with high solar insolation, the water temperature
rises considerably. At an average solar insolation of 367 W/m2, the water temperature
increased to 82 ◦C. Thus, it is clear that higher power output and thermal efficiency can be
obtained when the solar insolation is higher due to an increased hot water inlet temperature
and the resulting higher temperature difference. This can clearly be seen from the results
presented in Figure 10 for the cold water inlet temperature of 5 ◦C. For the hot water inlet
temperature of 70 ◦C, the thermal efficiency was found to be nearly 3.9% at a mass flow
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rate of 0.1 kg/s, which increased to 4.38% when the mass flow rate increased to 0.25%.
The power output increased from 59 W to 66.68 W for this case. This is due to a rate of
energy transfer from the hot water to the working fluid in this case. On the other hand,
the thermal efficiency and the power output are significantly lower when the cold water
inlet temperature is 11 ◦C; the thermal efficiency is 3.56% for the lowest mass flow rate and
increases to 4.1% for the highest mass flow rate. Similar observations were reported by
Faizal and Ahmed [41].

The effect of cold water inlet temperature can be more clearly seen from Figure 11. Both
the thermal efficiency and the power output reduce when the cold water inlet temperature
is increased from 5 ◦C to 11 ◦C at all the hot water inlet temperatures. It can be noted
that the drop in thermal efficiency is considerable for the mass flow rates of 0.1 kg/s and
0.15 kg/s for all the hot water inlet temperatures.

The gradual increase in the thermal efficiency and the power output with increas-
ing hot water inlet temperature is clearly evident from Figure 12A–C. Amyra et al. [49]
presented similar results in their study. Gao et al. [44] tried superheating the working
fluid by 11.6 ◦C to 26.4 ◦C and reported an increase in thermal efficiency. Idrus et al. [29]
also showed a similar trend on the effect that a superheated temperature has on the cycle
efficiency. Yuan et al. [43] also carried out similar study and determined that the heating
source temperature has the most substantial effect on the thermal efficiency. On the other
hand, as the cold water inlet temperature is reduced in the three cases, the drop in the
thermal efficiency and the power output is clearly seen. For the cold water inlet temperature
of 11 ◦C, the lowest thermal efficiencies and power outputs can be seen for all the four
mass flow rates of the hot fluid. This is due to a reduction in the driving force, which is
the difference in the temperatures of the hot and cold water streams. The lowest thermal
efficiency can be seen for the case of the 30 ◦C hot water inlet temperature and 11 ◦C cold
water inlet temperature. In this case, the temperature difference is only 19 degrees, and
it is not advisable to install an OTEC plant where the temperature difference is less than
20 degrees.

The turbine inlet pressures and the pressure drops across the turbine, presented in
Figures 13 and 14, were plotted for the three cold water inlet temperatures shown in the
legends of the two figures. Both the inlet pressure and the pressure drop are higher for a
higher operating temperature difference. As the turbine is able to extract more power from
the high enthalpy working fluid, the pressure drop is higher. The turbine inlet pressure and
the pressure drop across the turbine for all the possible operating temperatures that were
experimented are presented in Figure 15. At the highest operating temperature difference,
a pressure drop of 255 kPa was recorded. The effect of the operating temperature difference
on the thermal efficiency and the power output, as presented in Figures 16 and 17, exhibits
an increasing trend as the temperature difference is increased. The higher mass flow rates of
the hot fluid result in higher efficiency and power. The lower pressure drops are associated
with lower efficiencies and power outputs, as can be seen from Figure 18. As discussed
earlier, a higher enthalpy drop results in higher output and efficiency. Higher turbine inlet
pressure results in higher thermal efficiency and power output. Ishaq and Dincer [25], in
their study, investigated the effect of turbine inlet pressure on the power output. They
concluded that raising the turbine inlet pressure causes both the turbine power and the
net power to improve. Chen et al. [22] showed an increase in the thermal efficiency and in
the output power of OTEC systems when the turbine inlet pressures were increased. Peng
et al. [12], in their study, also found that both the thermal efficiency and net power output
first increased and then decreased as the turbine inlet pressure increased.

The turbine inlet temperature is an important parameter not only for the OTEC cycle,
but also for a number of power plant cycles including the Brayton cycle and the superheated
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Rankine cycle. In the case of present cycle, since the operating temperatures are low, the
turbine inlet temperature has a marked effect on the thermal efficiency and the power
output. At a minimum turbine inlet temperature of 24.5 ◦C, the thermal efficiency was 1.39%
and the turbine power output was 22.78 W, whereas, when the turbine inlet temperature
was increased to a maximum value of 49.8 ◦C, the thermal efficiency increased to 4.09% and
the turbine power output was increased to 62.45 W, as shown in Figure 20. Faizal et al. [41]
showed similar trends for thermal efficiency and turbine power output against the turbine
inlet temperature. Zhang et al. [50] also showed an increasing trend for thermal efficiency
and output work when the turbine inlet temperature was increased. They showed that,
when the turbine inlet temperature was increased by 4 K, the thermal efficiency improved
by 3.3%. They also reported a similar increase in the power output as well when the
turbine inlet temperature increased. According to Zhang et al. [50], when the turbine inlet
temperature reduces, the quality (dryness fraction) of the working fluid in the whole section
reduces as well, which directly affects the thermal efficiency and the power output.

A higher temperature drop of the hot water (for a given mass flow rate) in the evapora-
tor translates into the higher enthalpy gain of the working fluid before it enters the turbine.
This will ultimately result in higher output and efficiency. However, in this case, higher
temperature drops were recorded for the lower mass flow rates of the hot fluid. Hence,
the rate of energy transfer to the working fluid is lower, causing a drop in the thermal
efficiency and the power output, as shown in Figures 21 and 22. It is recommended that
experiments be performed on a large range of temperature drops of hot water and mass
flow rates to find an optimum value at which the thermal efficiency and power output
are maximized. It should be noted that, for an actual OTEC power plant, the turbine inlet
temperature will vary depending on the time of the day as well as on the season of the year,
as reported in [51]. For countries in the tropical region, the maximum temperatures are
recorded in the months of January and February; hence, the available energy that can be
transferred to the working fluid would also be higher during these months. Experiments
on large-scale OTEC systems also need to be performed in tropical countries to assess the
maximum power generation at high thermal efficiencies.

5. Conclusions
Lower thermal efficiencies of OTEC plants are always a concern, making governments

and investors reluctant to invest in OTEC plants compared to other renewable energy
technologies like wind turbines. One of the effective methods of improving the efficiency as
well as power output of OTEC plants is to heat the surface water using solar energy. In this
work, a solar water heater was employed to increase the operating temperature difference
of a closed-cycle OTEC plant. The hot water inlet temperature was increased from 30 ◦C to
70 ◦C in increments of 10 degrees and the cold water inlet temperature was varied from
5 ◦C to 11 ◦C in increments of 3 degrees. This increase in hot water inlet temperature from
30 ◦C to 70 ◦C at a constant cold water inlet temperature of 5 ◦C increased the power output
from 32.07 W to 66.68 W (107.9% increase) and the thermal efficiency from 1.96% to 4.37%
(123% increase) at the highest mass flow rate of hot water. This is due to a larger heat
transfer from the hot water to the working fluid. The turbine inlet temperature has a strong
influence on power output and efficiency, as for most thermal power plants. At greater
operating temperature differences between the hot water and cold water and higher mass
flow rates, the OTEC system gave higher efficiencies due to a higher transfer of energy to
the system. Further research is recommended for a large range of temperature drops of
hot water and mass flow rates to find an optimum value such that the thermal efficiency
and power output are maximized. It is also recommended to conduct experiments at
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kW-sized OTEC plants to evaluate the effect of higher hot water inlet temperatures on the
performance of the plant.
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Nomenclature

Abbreviations
COP Conference of the Parties
EES Engineering Equation Solver
LCOE Levelized cost of electricity
OTEC Ocean thermal energy conversion
PEM Proton exchange membrane
Symbols
P Power output (W)
P1 Pressure at turbine inlet (kPa)
P2 Pressure at turbine outlet (kPa)
s Entropy (kJ/kg.K)
T1 Temperature at turbine inlet (◦ C)
THWI Temperature of hot water at inlet (◦C)
THWO Temperature of hot water at outlet (◦C)
TCWI Temperature of cold water at inlet (◦C)
TCWO Temperature of cold water at outlet (◦C)
ηth Thermal efficiency (%)
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