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Abstract: In recent years, clean and renewable energy sources have received much attention to
balance the contradiction between resource needs and environmental sustainability. Among them,
ocean thermal energy conversion (OTEC), which consists of surface warm seawater and deep cold
seawater, can rely on thermal cycling to generate electricity and has great potential in alleviating the
energy crisis. In this paper, the design and experiment study of a 50 kW OTEC platform is proposed.
Thermodynamic modeling, calculation, optimization, and engineering calibration of the system
were carried out, and the thermal efficiency reached 2.63% to meet the power generation demand.
Experiments were also carried out by using a heat pump unit to simulate hot and cold seawater
environments, and data on the stable operation of the system were obtained, with the grid-connected
power reaching 47.5 kW and a thermal efficiency of 2.46%. The accuracy of the design scheme is
verified, and the theoretical basis and data support are provided for the practical development and
application of ocean thermal energy conversion.

Keywords: ocean thermal energy conversion; organic Rankine cycle; platform design; experimental
research

1. Introduction

Most of the energy used in the world is fossil fuels. Coal accounts for 70 percent
of major energy consumption. Excessive use of fossil fuels produces large quantities of
harmful gases, and wastewater emissions are increasing day by day. In recent years, with
the gradual deterioration of the global environment, countries around the world have been
changing their energy structures, which rely mainly on fossil fuels such as o0il and natural
gas, and have been actively advocating and developing the use of new and renewable
energy sources with more and more attention being paid to ocean energy [1-4]. In the
United Nations sustainable development agenda for 2030, ocean renewable energies have
been explicitly identified as a key objective of sustainable development [5].

There are various forms of renewable energy in the ocean, including ocean wind energy,
wave energy, tidal current energy, ocean thermal energy, and salt difference energy [6-8]. The
ocean thermal energy refers to the heat energy stored between warm seawater (25~30 °C)
and deep cold seawater (4~7 °C) on the surface of the ocean that is irradiated by the sun
all year round [9]. Compared with other ocean energy sources, the advantages of ocean
thermal energy are that it is stable and continuous, has large reserves, and is non-polluting,
and the thermal cycle system can be used to complete power generation [10,11]. The South
China Sea has huge reserves of ocean thermal energy. Theoretical reserves in China’s
offshore and adjacent waters are 14.4 x 10?1-15.9 x 10?! ], and the total installed capacity
can be developed from 17.47 x 108-18.33 x 10% kW, 90% of which is distributed in the
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South China Sea. Actively developing ocean thermal energy can provide an important
guarantee for resource development in the South China Sea [12-14]. The development of
ocean thermal energy conversion can reduce the dependence on fossil energy and reduce
carbon dioxide emissions [15]. While improving the environment, it can also obtain a large
amount of high-quality deep clean seawater, which is considered to be one of the energy
sources with development potential [16-19].

In 1881, French scientist Arsonval first proposed the feasibility of ocean thermal
energy conversion (OTEC) [20]. His student Georges then built the first OTEC factory in
1930 [21]. However, at that time, the technology was not widely used due to its high cost
and low energy conversion efficiency. In the 1970s, the oil crisis broke out, and human
environmental protection awareness increased. Several countries, mainly France, Japan,
and the United States, began to attach importance to the development of ocean energy [22].
In 1970, a small offshore power station with a net output of 15 kW was built in Hawaii [23].
In 1981, the Tokyo Electric Power Company built a 100 kW OTEC onshore test plant with
R22 as the working fluid in the Republic of Nauru, with a net output power of 31.5 kW [24].
In 1982, Japan’s Tokushima company established a 50 kW onshore OTEC power plant
with R717 as the working fluid [25]. At the same time, the National Institute of Ocean
Technology of India and Saga University of Japan reached a cooperation to build an offshore
floating OTEC power plant [26], which provided 493 kW of electricity to the grid. In 2013,
the U.S. Makai Offshore Engineering Company designed a 100 kW power plant. In the
same year, the French DCNS Group successfully constructed and installed on the French
island of Reunion an experimental prototype for OTEC, which is a 1/250th scale prototype
compared to the proposed 10 MW plant, with the goal of generating 15 kW of equivalent
power. In order to make the prototypes as close as possible to the 10 MW OTEC power
plant, they use the same operating pressure [27-29]. In 2019, the 1 MW OTEC power
plant was built in South Korea and underwent offshore trials in Busan, where the actual
power generation was only 338 kW due to the design temperature difference between the
cooling and heating source systems [30]. In China, the First Institute of Oceanography of
the Ministry of Natural Resources successively developed 10 kW and 15 kW OTEC system
prototypes in 2006 [31]. In general, OTEC technology has been well applied in tropical
ocean areas, such as the Pacific Ocean, Indian Ocean, and Caribbean Sea. More and more
countries are actively researching and developing related technologies. However, most of
the research related to ocean thermal energy conversion stays at the stage of theoretical
analysis, and industrialization development is lagging behind, so there is an urgent need
to promote the development of technology and equipment related to the development of
ocean thermal energy and provide the necessary technical support for the development of
the industry.

Ocean thermal energy conversion systems are divided into the open type [32], closed
type [33,34], and hybrid type [35,36] due to their different cycle modes. Among them, the
closed-type cycle is widely used because of its easy miniaturization. The organic Rankine
cycle [37], as the most basic OTEC closed cycle, is one of the typical sustainable energy
technologies that use low-grade energy for power generation.

The 50 kW OTEC power generation platform proposed in this paper is equipped
with a cold and heat source control module. The working fluid of the system is R134a.
Scholars have conducted a large number of studies and analyses on the advantages and
disadvantages of the thermodynamic performance of various refrigerants under ocean
thermal energy conditions [38—41]. In the demonstration equipment and experimental
equipment of various countries, the commonly used refrigerants are mainly ammonia and
R134a [42]. Although the performance of ammonia is optimal, it is corrosive, toxic, and
easy to volatilize, and the incidence of chemical accidents is very high.

However, R134a has a good comprehensive performance. It is non-flammable, non-
explosive, non-toxic, non-irritant, non-corrosive, chemically stable, does not have chemical
reactions with metals such as iron, copper, and aluminum, and does not destroy the
ozone layer. The safety grade is the safest Al, which is a mainstream refrigerant with
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very high safety and environmental protection and is used in many demonstration power
stations developed in Japan and the United States. The experimental test platform for
the cycle system circulating agent dosage is very large, and R134a was finally selected
as the circulating agent for safety and environmental considerations. [14,43,44]. In the
system, Aspen Plus V10 is used to match a suitable water immersion screw chiller to meet
the 4 °C/28 °C cooling and heating source conditions. After equipment selection, the 3D
packaging experimental platform is designed by Pro-E 5.0 to improve the space utilization.
Then, PLC (Programmable Logic Controller) control cabinets for master and slave stations
are added to collect analog signals such as the pressure, flow rate, temperature, and valve
opening. Finally, the grid-connected inverter feeds the system power into the grid, which
improves the resource utilization efficiency and builds a recycling system.

The development and use of ocean thermal energy is based on the system design. This
paper about the South China Sea ocean thermal energy application environment focuses
on thermodynamic calculation, working fluid selection, system components selection, and
engineering verification of the 50 kW ocean thermal energy conversion test platform to
carry out the design work, and the heat pump unit simulation of hot and cold seawater
environments for experiments has verified the accuracy of the design scheme.

2. Materials and Methods
2.1. Platform Principle and Thermodynamic Calculation

In the ideal state without considering any loss, the organic Rankine cycle can be
decomposed into four thermodynamic processes: the isentropic expansion process (a~b’),
isothermal condensation process (b’~c), isentropic compression process (c~d), and constant
pressure heat absorption process (d~e~a) [45,46]. A system temperature entropy diagram
is shown in Figure 1. R134a belongs to the wet working fluid [47], and the slope of
the saturated steam curve (dT/ds) is negative. The principle of ocean thermal energy
conversion power generation is shown in Figure 2, numbers 1~8 represent the working
fluid state points at the inlet and outlet of the equipment in the diagram. R134a in the
evaporator heated by warm seawater with a surface temperature of 28 °C makes it become
saturated steam in the turbine and promotes the turbine to work and generate electricity.
The exhaust steam from the turbine outlet enters the condenser, exchanges heat with the
cold seawater at the deep temperature of 4 °C, and condenses into liquid. After being
supercharged by a working fluid pump, it returns to the evaporator to complete the
cycle. It is assumed that the working fluid has no leakage to characterize the steady-state
performance of the system; the fluid velocity is constant and incompressible; and its kinetic
energy, potential energy, and heat loss are ignored. The transparent entropy efficiency
is set to 85%, the efficiencies of the motor and pump are both 90%, and the temperature
difference between the inlet and outlet of the seawater is set to 2 °C.

Temperature(T)

Warm seawater

e a

Cold seawater

. Entropy(S)

R134a

Figure 1. Temperature—entropy diagram of R134a.
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Figure 2. A schematic diagram of organic Rankine cycle.

In thermodynamics, specific enthalpy represents the thermal energy per unit mass of
a substance under certain conditions. When a substance passes through a system in the
form of flow, the heat transferred is the specific enthalpy of previous and subsequent states
multiplied by the mass flow.

The energy conservation equation of the heat exchanger is as follows:

where Q is the amount of heat exchange (kW), Al is the specific enthalpy difference between
the inlet and outlet of the working fluid side of the heat exchanger (kJ/kg), m is the mass
flow of the working fluid (kg/s), my, is the mass flow of seawater (kg/s), ¢y is the specific
heat capacity of seawater at constant pressure (J/g°C), and AT is the seawater side of the
heat exchanger temperature rise or drop (°C).

The heat exchange area of the heat exchanger (m?) is as follows:

Q

A= AL

)

where k is the heat transfer coefficient (W/m?2 °C) and At,, is the logarithmic heat transfer
temperature difference (°C).
The output power of the turbine (kW) is as follows:

W = m(hy — h3)ngn,;, ®)

where £ is the specific enthalpy of the inlet of the turbine (k] /kg), i3 is the specific enthalpy
of the outlet of the turbine (k] /kg), 77¢ is the motor efficiency, and 7;s is the entropy efficiency
of the turbine.

The isentropic efficiency of the turbine is as follows:

hy —h3
T = e @)
where hy is the ideal enthalpy value of the turbine outlet ignoring the isentropic efficiency
(kJ/kg).
Since the pressure of the working fluid entering the turbine decreases and becomes
exhausted steam, it may cause the liquefaction of the gases in the turbine, which can cause
impact damage to the turbine blades. Therefore, it is necessary to prevent the working fluid



J. Mar. Sci. Eng. 2024, 12, 463

50f 17

dryness from being too low. Generally, the dryness x of the working fluid at the outlet of
the turbine should be greater than 0.92. The calculation formula is as follows:

_ hy—hs

S ®)

where h5 and &5 are the enthalpy values of the saturated gas and the saturated liquid at
the outlet of the condenser (kJ/kg), respectively.
The working fluid pump works (kW) as follows:

n(h, —h
wp — 27 —le) ©)
np
where 7p is the pump efficiency.
The net output work (kW) is as follows:
Wier = Wr — Wp )
The theoretical cycle thermal efficiency is as follows:
(ha — h3) — (h7 — he)
= 8
"o (hy — Irg) (8)
The thermal efficiency of the system is as follows:
Wiet
= 9
Nnet Qe )

where Q. is the heat exchange amount of the evaporator (kW).

The optimization process of system thermodynamics calculation is shown in Figure 3.
We know the thermodynamic parameters, heat source temperature, cold source temper-
ature, heat transfer end difference, and other working condition settings at each state
point. Under the premise of ensuring the dryness of the turbine outlet, firstly, calculate the
theoretical cycle of the system efficiency and heat absorption of the evaporator to obtain
the working fluid flow; secondly, according to the working fluid flow, enthalpy difference,
logarithmic average temperature difference, and heat transfer coefficient, heat exchange
capacity, heat exchange area, pump power, working fluid flow, and pipe diameter of cold
and hot seawater; finally, select the type according to the pump power of the working
fluid and calculate whether the net output power meets 50 kW thermal efficiency. The best
working condition setting is obtained through the system’s thermal efficiency results.
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Figure 3. A flow chart of thermodynamic calculation optimization for OTEC.

2.2. Equipment Selection and Engineering Check

After the thermodynamic optimization calculation of the OTEC system, the selection
of key components, valve installation, and piping design can be carried out initially. A
specific process flow chart is shown in Figure 4. Each section of the pipeline is equipped
with a pressure sensor and temperature sensor for easy measurement. The heat exchanger
adopts a full-liquid structure [48], the working fluid goes through the shell side, and the
water goes through the tube side. Low-fin threaded tubes are immersed in working fluid,
resulting in a large heat exchange area and high heat transfer efficiency. In order to prevent
the turbine’s service life from being shortened by the impact of droplets, a gas-liquid
separator is added and integrated with the evaporator to increase the space occupancy
rate. The turbine adopts a symmetrical and efficient centripetal radial flow type and is
directly connected to the generator as an all-in-one machine, with gas bearings support,
low vibration, low power consumption, a long service life, and a low maintenance cost.
The working fluid pump adopts a hermetic centrifugal canned motor pump and power
frequency control, and the flow is bypassed through the bypass regulating valve. The inlet
of the evaporator is equipped with a shut-off valve, which is interlocked with the liquid
level control; the turbine inlet is equipped with a pneumatic regulating valve, and the
outlet has a shut-off check valve, which is connected in parallel with the bypass regulating
valve. The condenser outlet is equipped with a shut-off valve; the inlet of the working fluid
pump has two shut-off valves and one filter, and the outlet is equipped with a flowmeter.
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Figure 4. A design diagram of OTEC system.

In actual engineering, the fluid flow resistance caused by the viscous characteristics in
the pipeline causes a part of the mechanical energy to be converted into heat energy to be
lost. In addition, various valves, flowmeters, filters, and elbows will also cause local energy
loss. Therefore, to ensure the smooth implementation of the project, the system is checked,
calculated, and corrected.

The head loss along the pipe (m) [49] is as follows:

Alv?

where [ is the pipe length (m), d is the pipe diameter (m), v is the average flow velocity
of the cross-section fluid (m/s), g is the acceleration of gravity (m/s?), and A is the drag
coefficient along the way.

When calculating the local head loss, a certain section of local obstacle resistance is
converted into a section of straight pipe along the way resistance with the same diameter
as the pipe diameter. The length of this section of pipe is called the equivalent length of the
local resistance [50], which is represented by I; (m), as follows:

2 AL o?
- Go” _ Mgt (11)
J2¢ 0 2dg
Léd
I, = 12
Y= =5 (12)
Then, the total head loss of the entire pipeline (m) is as follows:
h=h¢+hj= /\sz + Zng (13)
The total pressure loss (MPa) is as follows:
AP = APf + AP]‘ (14)

3. Results and Discussion
3.1. System Design Parameters

The system correction parameters are shown in Tables 1 and 2.
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Table 1. Correction of thermodynamic parameters for R134a—organic Rankine cycle.
Temperature/T Pressure/P Density/p Specific Enthalpy/h Specific Entropy/s
Status Point °C kPa Kg/m> 1J/kg /(g -K)
1 24 645.78 31.39 411.82 1.7166
2 24 632.23 30.59 412.18 1.7193
3 8.48 393.96 19.34 402.48 1.7193
3 9.01 393.96 19.18 403.96 1.7246
4 9.01 390.61 19.00 404.05 1.7255
5 8 387.61 1267.90 210.84 1.0388
6 7.79 384.86 1268.60 210.55 1.0378
7 7.90 650.99 1269.40 210.75 1.0378
8 7.90 648.78 1269.40 210.75 1.0378
Table 2. Correction of key parameters for R134a—organic Rankine cycle.
R134a System
Name Initial Value Check Value
1-2 Working fluid flow rate/(m/s) 15 14.43
3—4 Working fluid flow rate/(m/s) 15 13.25
5-6 Working fluid flow rate/(m/s) 0.5 0.51
7-8 Working fluid flow rate/(m/s) 15 1.25
1-2 pipe diameter/mm 144.56 150
3—4 pipe diameter/mm 185.12 200
5-6 pipe diameter/mm 123.90 125
7-8 pipe diameter/mm 87.59 100
1-2 pressure drop loss/MPa 0 0.01355
3—4 pressure drop loss/MPa 0 0.00335
5-6 pressure drop loss/MPa 0 0.00275
7-8 pressure drop loss/MPa 0 0.00221
Diameter of warm seawater pipe/mm 341.29 350
Diameter of cold seawater pipe/mm 333.95 350
Warm seawater mass flow/(kg/s) 182.87 191.49
Cold seawater mass flow/(kg/s) 175.09 183.93
Working fluid mass flow/(kg/s) 7.64 8
Evaporator heat absorption/kW 1536.1 1608.56
Condenser heat dissipation/kW 1470.78 1545.68
Turbine output power/kW 51.08 50.3
System thermal efficiency /% 3.22 2.63

3.2. Overall Structure and Control System

Compared with ordinary dry-type chillers, flooded units have a smaller heat transfer
temperature difference and lower outlet superheat, which increases the evaporation tem-
perature and makes full use of the heat exchange area. Therefore, they are more efficient
and energy-saving. Screw full-liquid chillers have increasingly become a research and
application hotspot of large-scale chillers [51,52].

When the prototype of the power generation system in this paper is running on
land, a screw-filled chiller is selected to prepare the cold and heat sources to simulate the
28 °C/4 °C seawater temperature difference to store thermal energy. As shown in Figure 5,
the experimental platform consists of an OTEC system and a cold and heat source control
system. The cold and heat source control system includes heat pump units (condensers,
evaporators, screw compressors), air-cooled auxiliary units (air-cooled condensers, liquid
receivers, evaporators, screw compressors), cold and warm water heat exchangers, warm
water tanks, a cold water tank, a warm water pump, a cold water pump, an auxiliary
water pump, various valves, etc. The physical diagram of the 50 kW OTEC experimental
test platform is shown in Figures 6 and 7. Considering factors such as floor space, the
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Figure 5. A design diagram of overall experiment setup.
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Figure 7. A physical diagram of the 50 kW OTEC generation system.

The heat pump unit selects the model LS25LMSA (Moon Environment Technology
Co., Ltd., Yantai, China, the same below) screw heat pump refrigerant machine, and the
external dimension of the equipment is 6300 x 4000 x 3500 (mm). Among them, the main
engine is a twin-screw compressor unit LG25LYA, and the power supply is 3P /50HZ/380V.
According to the calculation of Aspen Plus operation, the design working condition of the
water-cooled condenser heat transfer is 2187 kW, the waterside inlet temperature is 26 °C,
and the outlet temperature is 28 °C; the evaporator design working condition heat transfer
is 1863 kW, and the waterside inlet temperature is 6 °C. The outlet temperature is 4 °C.
Considering that the summer temperature is higher than 28 °C, the air-cooled auxiliary unit
LS16SMFA is added. The heat transfer capacity of the air-cooled condenser is 452 kW in the
design working condition, and the heat transfer capacity in the design working condition
of the evaporator is 387.8 kW.

The temperature of the cold and heat sources of the system should reach 4 °C/28 °C.
First, the cold and warm water heat exchanger should make the water temperature reach
about 16 °C after heat exchange. Electricity will increase the temperature difference to
meet the requirements. The specific control strategy is when the temperature of the water
system is lower than 16 °C, the heat pump unit is turned on, and the temperature of the
whole system is raised to 16 °C through the cold and warm water heat exchanger, and
then the cold and warm water heat exchanger is bypassed. For the cold water system and
warm water system, the temperature difference is increased by external power, reaching
4 °C/28 °C; when the temperature of the water system is higher than 16 °C and lower
than 28 °C, the auxiliary unit is turned on, and the cold and warm water heat exchanger is
used to reduce the temperature of the entire system to 16 °C. The cold and warm water
heat exchanger is then bypassed, the heat pump unit is turned on, and work is performed
on the cold and warm water system separately to reach a 4 °C/28 °C working condition;
when the temperature of the water system is higher than 28 °C, the auxiliary unit is turned
on, and the cold and warm water heat exchanger reduces the temperature of the warm
water system to 28 °C. Then, the cold and warm water heat exchanger is bypassed, and the
temperature of the cold water system is reduced to 4 °C separately. The system operating
conditions and ambient conditions are shown in Tables 3 and 4, respectively.
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Table 3. OTEC ambient conditions.
Name Parameter Value
.. Input voltage (V) 380
Electricity supply Frequency (Hz) 50
Water suppl Pressure (MPa) 0.4~0.6
PPy Water quality Meet GB/T50050 [53]
Working fluid R134a
Using of equipment Anti-corrosion grade THWE2
& qup Environmental temperature (°C) <40
Altitude (m) <1000
Table 4. Operating conditions for component.
Name Type Parameter Value
Mass flow (m3/h) 242
Pump Shielded Inlet pressure (MPa) 0.3~0.5
Outlet pressure (MPa) 0.6~0.8
Inlet/Evaporation 8/24
Material side temperature (°C)
Evaporator Pressure (kPa) 646
W d Inlet/outlet temperature (°C) 28/6
ater side Heat exchange (kW) 1610
. . Rated speed (rpm) 12,500
Turbine Centripetal Rating power (kW) 50
Inlet/condensing 9/8
Material side temperature (°C)
Condenser Pressure (kPa) 388
W d Inlet/outlet temperature (°C) 4/6
ater side Heat exchange (kW) 1546

As shown in Figure 8, the prototype in this paper is controlled by a two-level electrical
system, with data acquisition and monitoring functions for analog signals, such as the
pressure, flow, temperature, and valve switches, and can automatically generate graphs
and save data in real time. The main station PLC control cabinet is used as the first-
level main console, and the method of PLC with an industrial computer is selected as
the core processing component. The PLC uses the Siemens SIMATIC S7-1500 model
(Moon Environment Technology Co., Ltd., Yantai, China, the same below), and the upper
computer uses the Advantech i7 processor industrial computer (Advantech, Beijing, China).
As shown in Figure 9, the master station control system can monitor the control systems of
each slave station, control the warm water pump, cold water pump, auxiliary water pump,
cold and warm water heat exchanger, and the logical relationship between the actions of
the units in the entire system to meet different process adjustments. The OTEC system, heat
pump unit, and auxiliary unit have their own Siemens SIMATIC 57-1200, which constitutes
the second level as a slave station. All the data from the slave station can communicate
with the master station through the integrated PROFINET interface of SIMATIC S7-1200,
and the data can be uploaded to the integrated PLC control cabinet in real time, and the
master station cabinet SIMATIC S7-1500 will carry out integrated control.
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3.3. On-Grid System

Aiming for power generation with small temperature differences in the ocean, the
traditional grid-connected method is improved, and the grid-connected inverter cabinet is
adopted. As shown in Figure 10, the system power is converted into DC power through the
rectifier equipment, and then the DC power is converted into the same frequency and phase
as the grid. Part of the sine wave current can supply power to the local load, and the surplus
power can be fed into the grid, eliminating the need for gearboxes, accumulators, and other
components. The grid-connected inverter adopts space vector pulse width modulation
technology, pure sine wave output, and automatic and synchronous grid tracking; the
power factor is close to 1, the current harmonic content is low, there is no pollution to the
public grid, there is no impact, and the power generation efficiency is high.
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Figure 10. A schematic diagram of grid connection.

3.4. Data Acquisition System

Various states in the OTEC system, such as the temperature, pressure, and mass flow
rate, are used as the main monitoring data for equipment operation.

In order to understand the internal operation status of the turbine expander, tempera-
ture and pressure sensors are installed at the turbine inlet and outlet, and speed-measuring
instruments and vibration sensors are installed in the turbine generator set (Suzhou Xida
Low Temperature Equipment Co., Ltd., Suzhou, China). In order to understand the status
of system operation, temperature sensors and pressure sensors are installed at the inlet
and outlet of the evaporator and condenser, respectively, to monitor the temperature and
pressure of the simulated seawater; pressure sensors are installed at the inlet and outlet of
the working fluid pump, and a flowmeter is installed at the outlet for the measurement
of the working fluid mass flow (Moon Environment Technology Co., Ltd., Yantai, China).
Measuring equipment models and parameters are detailed in Table 5.

Table 5. Measuring equipment model and parameters.

IIVIonltormg Model Number Range of Scales Inaccuracies
nstrument
Mass flowmeter DME-1-U50 0~33 t/h +0.2%
Temperature sensor WZP2-83 —50~200 °C +(0.15+0.0021tl)
Pressure sensor SIEMENS 7MF0300 —0.1~1.6 MPa 0.075%
RPM sensor CD-1 0~40,000 r +0.2%
Vibration sensors SZ-6 0~2000 pm +5%

3.5. Experimental Results

Figure 11 shows the variation in the input conditions during the whole system op-
eration, including the temperature and flow rate of warm and cold seawater. Figure 12
reflects the whole process of the system from (1) start-up to (2) stable operation and finally
(3) shutdown.

Process (1) is the start-up phase, in which each parameter changes gradually as the
opening of the turbine supply valves increases and the opening of the bypass valves
decreases, and the output power increases gradually. Process (2) is the stable operation
stage: the output parameters of the system can be changed within this range according
to the adjustment of the input parameters, maintained in a relatively good control range,
without large fluctuations. Process (3) is the shutdown phase, which is the opposite of the
valve opening control and start-up process; it can be completed in a relatively short period
of time to shut down the experimental equipment.

As can be seen from the experimental process demonstrated in Figures 11 and 12, in
the initial stage, the turbine inlet valve is not yet fully open and the bypass pipeline diverts
some of the working fluid, resulting in a slow start-up of the turbine. The experiment
shows grid-connected power at around 1400 s, and it keeps increasing. When the bypass
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valve is fully closed, the opening of the turbine inlet valve is about 40%, which leads to
a large pressure loss of the working fluid flowing through the valve, so the DC power is
kept at a low level. As the opening of the turbine inlet valve gradually reaches 100%, the
pressure loss of the mass flowing through the inlet valve decreases and continues in this
state for 40 min. Due to the adjustment of the seawater temperature as well as the flow
rate, the output power is increasing and the desired design value is reached. The thermal
efficiency of the system does not change much as the heat load is also increasing.

Overall, the system is in good operating condition, with gradual changes in the
parameters during the start-up phase, and the system can relatively maintain all the
parameters within a reasonable range without too much fluctuation during the stable
operation phase, and finally a stable shutdown is realized.
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Figure 11. The input working conditions of the power generation system.
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Figure 12. Variation in output parameters during the experiment.

4. Conclusions

In this study, a construction scheme of a land-based prototype simulation system for
ocean thermal energy conversion with a cold and heat source control module was proposed,
and the design and experimental study of a 50 kW ocean thermal energy conversion test
platform was carried out in terms of thermodynamic calculations, the selection of the
working fluid, the selection of the system components, engineering calibration, and a
real-gas test. The following conclusions were obtained:
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References

(1) This study proposes a construction scheme for a land-based prototype simulation
system for ocean thermal energy conversion with a heat and cold source control
module, which includes an OTEC power generation system, a heat pump unit, and
an auxiliary unit, and it is skid-mounted using a modular design to increase the
compactness of the system. Equipped with a PLC slave control cabinet, it can monitor
the slave pressure, flow, temperature, valve switch, and other analog signal data from
the master control cabinet.

(2) The working medium of the system adopts R134a, which has the characteristics of
high safety and good thermal conductivity. After engineering calibration calculation,
under the design conditions of a 28 °C heat source temperature and 4 °C cold source
temperature, the thermal efficiency of the system is 2.63%, and the output power can
be up to 50 kW, which meets the design requirements. The grid-connected inverter
sends its power into the grid to achieve reasonable conversion and comprehensive
utilization of energy.

(3) The experimental analysis shows that the cold and heat source simulation system
can stably simulate the seawater environment changes (heat source: 24~28 °C and
cold source: 4~8 °C), the power generation system can achieve a smooth start-up and
shutdown, there is a continuous power output in the stable operation phase, and the
maximum grid-connected power reaches 47.4 kW. The actual thermal efficiency is
2.46%.

(4) As alarge ocean thermal energy testing platform in China, the design and experi-
mental research of this experimental platform have achieved good results, which can
provide the basis and data support for further research on ocean thermal energy, as
well as the experimental simulation basis for further optimization, which is of great
significance to the development of ocean thermal energy.
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