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Abstract: South Korea is currently in the preparatory stage of commercializing an ocean thermal

energy conversion (OTEC) system, as the demonstration of a 1 MW scale OTEC system has been

accomplished. However, the commercialization of OTEC requires the establishment of a control

system for various environmental changes. Therefore, pre-emptive identification of the system’s risk

factors and the process of analyzing the impact of the system, building control items, and optimizing

control are necessary. This study aims to establish and analyze an optimized control system for

MW-scale OTEC risk factors, such as the shutdown of seawater or refrigerant pumps. The selected

OTEC system was designed for 1070 kW class facilities, with a 36.6% portion of total electricity usage

by the seawater pump and refrigerant pump. As a result, an on/off control system was adopted in

order to eliminate the risk factors. By adjusting this option, dry operation of the refrigerant pump,

water hammering, and liquid inflow into the turbine were successfully prevented. To be more specific,

the initial system was to be shut down due to a sharp decrease in power at the point where the deep

seawater flow rate was 538 kg/s (35.7% of max flow rate) and the surface seawater flow rate was

715 kg/s (38.4% of max flow rate). This situation was improved by adopting parallel operation of

seawater pumps and on/off control, thereby leading to a more stabilized operation by maintaining

a flow rate of over 1864 kg/s for surface seawater and 1507 kg/s for deep seawater. Moreover, it

was confirmed that the flow rate of the pump was reduced by 1.89 kg/s per second in the process of

lcxr;:edca!\(tfgsr pump shutdown during a single operation mode of the refrigerant pump. Parallel operation made
it possible to maintain 60.2% of the output by increasing the power of the second pump’s flow rate
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cope with increased energy consumption and the depletion of fossil fuel resources. In
addition, the development of renewable energy is accelerating for the prevention of global
= environmental pollution [1]. Renewable energy consumption is expected to rise from
17.4 billion Btu in 2012 to 25.1 billion Btu by 2040, accounting for 44.2% of the world’s
industrial energy consumption [2].

Ocean thermal energy conversion (OTEC) technology is a method for generating
electricity using the temperature difference between relatively warm surface seawater
(annual average temperature of 25~30 °C) and deep seawater (annual average temperature
of 2~5 °C). This technology is characterized by a semi-infinite resource (seawater) and
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high operation rate throughout the year due to the small seasonal temperature changes in
seawater [3].

OTEC types differ in terms of the working fluid used in their cycle. The open cycle
uses surface seawater itself as the working fluid. Various research studies are currently
being conducted to address the emerging global water shortage problem [4]. Fresh water, a
byproduct of the open-cycle OTEC, can contribute to solving this problem and also produce
renewable energy.

The closed cycle, the most common method used in OTEC, uses low-temperature
refrigerants as the working fluid. Closed-type OTEC pilots and demonstration plants
are now being actively constructed in Japan, Europe, and other countries, following the
construction of a 50 kW plant in the United States in 1979.

South Korea was the fourth country to construct a 20 kW pilot-scale plant in 2013
and is currently constructing a demonstration plant of 1 MW in Kiribati, which is a South
Pacific island country [5-8]. In South Tarawa, Kiribati, the annual temperature of the sea
surface seawater is 28~30 °C, and that of the deep seawater at a depth of 1000 m is 5 °C,
which would make OTEC plants located in South Tarawa particularly efficient and able to
produce power 24/7 and year-round [9]. Figure 1 shows the domestic demonstration of a
floating OTEC plant in South Korea.

Figure 1. Demonstration of 1 MW floating OTEC in Republic of Korea.

Recent studies of OTEC systems have focused on the stabilization and control of
system operations. In Japan, studies adopting PI control to reduce the time taken to achieve
the desired output, as well as developing a control system for the OTEC cycle’s flow
rate, are underway [10,11]. In advance of studies on the control optimization of such a
system, a control module that can deal with environmental changes or risk factors that
occur in a particular situation is necessary. Industries are widely using risk assessment
and hazard analyses in order to derive solutions for the occurrence of such hazards in
plants or facilities [12,13]. In addition, such assessments have been used to predict system
impacts through risk analysis based on the scenario of a pump shutting down at a nuclear
fuel facility. The effects of risk factors such as pipe ruptures and pump failures on a
large water pipe supply system were analyzed [14,15]. Such risk factor analysis is applied
in many technical fields. In preliminary hazard list (PHL) analysis, risk factor analysis
and the effects on devices are classified for detailed risk analysis. The composition of an
OTEC system consists of structures, power generation facilities, water intake facilities, and
risers. Risk factors include natural factors such as earthquakes and changes in seawater
temperature; human factors such as abnormal operation; and factors that occur during
operation, including long-term operation. The effects of risk factors range from extreme
situations, in which plant destruction occurs, to high-risk situations, in which system
shutdown occurs, to low-risk situations, in which system efficiency is reduced.

In this study, among the various risk factors affecting OTEC, as listed in Table 1,
conditions in which seawater and refrigerant pumps shut down, casing a system to halt
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operation, were simulated, and the expected risk factors were analyzed. In addition, flow
rate stabilization was confirmed through parallel control, and an improved process model
was presented. In addition, control system data are to be adjusted for an OTEC plant
demonstration in the near future.

Table 1. Results of the MW-scale OTEC Preliminary Hazard List analysis.

Preliminary Hazard List Analysis

No. System Item Hazard Hazard Effects
-Unbalanced buoyancy Sinking
Buoyant -Damage by external force
1 . ) . -Loss of buoyancy
Structures -Change in marine environment .
-Instability
-Weather phenomena
-Damage by external force -Fracture
. -Long-term exposure to seawater -Loss of structure
Mooring ; o
2 Svstem -Maintenance of deep seawater -Instability
y connection parts -Corrosion
-Vulnerable parts -Defects
-Insufficient date on
Foundation deep seawater. -Fracture, defects
3 -Ground fluctuation .
Structures -Structural fluctuation
(e.g., earthquake)
-Damage by external force
-Vibration caused by long-term
. . -Fracture
exposure to marine environment .
-Structural fluctuation
. -Damage by external force .
4 Riser System . -Overflow of mooring,
-Abnormal operation .
. . . buoyancy, and riser systems
-Fracture of junction with : - .
. -Generation efficiency decline
floating structure
Generation -Electric converting disability —Generat19n efficiency decline
5 e -Refrigerant leakage
Facilities -Damage by external force .
-Refrigerant Pump shutdown
-Unstable electric supply -Pump shutdown
6 Seawater -Inflow of particles -Pump efficiency decline
Intake Facility P P y

-Damage by external force

-Seawater leakage

2. OTEC System Performance Analysis
2.1. Closed-Cycle OTEC System
2.1.1. Cycle Physical Theory of the OTEC System

The closed-type OTEC (CC-OTEC) uses the temperature difference between surface
seawater and deep seawater to allow the working fluid to pass through the turbine and
generate heat energy, which is converted into electricity.

The increase in cycle efficiency is proportional to the temperature difference between
surface water and deep seawater. In the case of surface seawater, the temperature varies
from 25~31 °C, depending on seasonal and regional situations. Deep seawater, with a
depth of more than 1000 m, shows an annual temperature around 5 °C, regardless of region
and season [16].

The working fluid, which is liquefied in the condenser, is stored in the refrigerant tank.
Equations (1) and (2) show the total heat transfer rate of evaporation and condensation.
Equation (3) is the output for CC-OTEC’s turbine, and Equation (4) presents the net power:

Qe = mswcp(Tsw.in — Tsw.out) 1)

Qc = mdwCP(wa.out - wa.in) (2)
Wiy = 11 (Rep.in — ib.out) ®3)
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Wiet = Wy, — dep - Wswp - er 4

where m, is the mass flow rate of the refrigerant; my, and m., are the mass flow rate of
the surface seawater and deep seawater; c, is the specific heat at constant pressure; 1y,
is the turbine efficiency; Ty and Ty are the temperatures of deep seawater and surface
seawater, respectively; and hy;, is the enthalpy of the turbine. In this system, the refrigerant
that passes through the evaporator completely evaporates and enters the turbine in the
form of dry steam. For this energy calculation, reference was made to the existing literature
to derive the power consumption and generation output of the OTEC system [17]. Figure 2
shows the schematic diagram of the MW-scale CC-OTEC.
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Figure 2. Closed-cycle OTEC.

In this case, net efficiency is calculated as in Equation (5), and the output of the
refrigerant pump, surface seawater, and deep seawater is shown in Equations (6)—(8),
respectively:

Nuet = (Wb — Wawp — Wewp — Wip) /Q, (5)
Wiy = 1My, (Ryp i — B out) (6)
Wiwp = MawN awp (Peteop,in — Padeop,out) 7)
Wiswp = MsuNswp (Mswp,in — Mswp,out) 8)

where 1, is the refrigerant pump’s efficiency; 1, and 1y, are the deep seawater and
surface seawater pumps’ efficiencies; and hyp, hywp, and hey)p are the enthalpies of the
refrigerant pump and the surface water and deep seawater pumps. For the working fluid,
R32, a pure HFC refrigerant with 0 ODP and 675 GWP, is used in this case due to its
eco-friendliness and compactness [18].

2.1.2. Physical Theory of the OTEC System Pumps

A pump is used to pump the inlet fluid using pressure. The operation of the pump is
similar to that of a compressor, but the fluid used is incompressible. The ideal power of the
pump is calculated based on the standard pump equation of the following Equation (9) [19]:

(Pout - I)in) x F
P1iq

PWR; = ©9)
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d[(U+ Ex +Ep)V]

dt

where P, is the pump’s outlet pressure; P, is the pump’s inlet pressure; F is the mass
flow rate; and pj;, is the liquid density. The actual power of the pump is defined in the
pump efficiency Equation (10):

PWR;

T](O/o> = PWRa x 100% (10)

The pump power applied to the pump efficiency was assumed to be the same as the
motor efficiency. In Equations (9) and (10), the actual power required for pump operation
can be expressed by Equation (11) below:

(Pout — Pin) x F x 100%
Plig X 11(%)

PWR, = (11)

The actual power is also equal to the enthalpy difference between the inlet and outlet
fluids. If the efficiency of the pump is less than 100%, the excess energy will increase the
fluid temperature at the outlet.

2.1.3. Material Balance

Physical changes in the OTEC during operating (e.g., flow rate, volume, density,
etc.) are referred to as the ‘material balance’. Material balance is an application of the
conservation of mass to the analysis of physical systems. By accounting for material
entering and leaving a system, mass flows can be identified which might have been
unknown. The material balance can be calculated from Equation (12):

g5 = Fipi — Fop, (12)

where F; is the inflow rate of water to the tank, p; is the density of the supply water, p, is
the density of the outflow water, and V is the volume of the fluid inside the tank.

In accordance with the dynamic design of the OTEC cycle, fluid flow occurring in the
system is caused by the diffusion and convection of molecules, with a dominant portion of
convection flow contribution. Dynamic mass, components, and energy changes are similar
to a steady-state balance, which allows the system’s output variables to change according
to the time variable.

2.1.4. Energy Balance

The energy generated or used in the OTEC system is called the ‘energy balance’. The
energy balance can be calculated using Equation (13):

2

i u? & U
F;p; Hi“‘?‘i‘gzi —Fop, Ho—i—?—i—gzo +(Q+Q,)— [w + (FoPo — F;P;)] (13)

where U is the internal energy, Ey is the kinetic energy, E, is the potential energy: energy
per unit mass, w is the shaft work energy driven by the system: energy per hour, and Py
is the system pressure. P, is the pressure of the fluid inflow, Q is the heat energy passing
through the boundary, and Q; is the reactant thermal energy, but the heat of reaction is so
small that it can be ignored in actual operation. Convection or conduction causes energy
flux in the system. Conduction or radiation causes additional heat energy from the outer
boundary layer. The energy that comes in or out of the system is specified into enthalpy
(H), fluid velocity (u), acceleration of gravity (g), and distance (z).
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2.2. Design of the MW-Scale OTEC System
2.2.1. Construction of the OTEC System

The constructed turbine is applied with the theorical operation data of the Organic
Rankine Cycle (ORC) turbine, which shows an efficiency of 85% at the maximum generation
capacity of 1.2 MW. In addition, flow rate and head change are measured in accordance
with the RPM change in the working fluid pump made by Xylem, which is the pump
company with the most advanced technology. Figure 3 shows the performance curves of
the pump.
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Figure 3. Pumping head and efficiency change in refrigerant pump flow rate.

The standard operation conditions are the temperature of 31 °C for surface seawater
and 5 °C for deep seawater, the flow rates of 1236 kg/s and 1004 kg /s for surface and deep
seawater, respectively, and a flow rate of 112.2 kg/s for working fluid.

Using the operating conditions shown in Table 2, a maximum output of 1010 kW, a
heat capacity of 34.08 MW, and an efficiency of 2.91% were used. The rated power of the
pumps was 105 kW for deep seawater, 111 kW for surface seawater, and 65.7 kW for the
refrigerant. The net power of the OTEC system was 728 kW, with an efficiency of 2.13%.

Table 2. Specifications of the 1 MW OTEC cycle.

Design Conditions

Surface seawater temperature 31 °C
Deep seawater temperature 5 °C

Surface seawater flow rate 1236 kg/s

Deep seawater flow rate 1004 kg/s

Refrigerant flow rate 112.2 kg/s
Surface seawater head loss 55 m
Deep seawater head loss 8.5 m
Surface seawater pump efficiency 75 %
Deep seawater pump efficiency 75 %

Working fluid R32 -

2.2.2. Specifications of the Working Fluid Pump

The working fluid pump used in the OTEC system operates at a rotational speed up
to 1150 RPM and a maximum efficiency of 80% under a mass flow rate of 126 kg/s. In
addition, the pumping head shows a positive change of 46 m at the same mass flow rate
and can supply a rate up to 254 kg/s. Moreover, at a mass flow rate of 126 kg/s, the head
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turned out to be 46 m. However, the efficiency changes with respect to the change in the
mass flow rate, with a minimum value of 72%.

Changes in the external factors of dynamic operation can lead to a reduction in the
flow rate through RPM control, causing the pumping head to decrease and efficiency
losses. In Section 3.2, the algorithm for preventing such a situation is applied flexibly in the
dynamic simulation.

Figure 4 shows a case where two identical pumps are connected in parallel in one
system. The overall performance vacancy of the system is the sum of flow rate Q1 and flow
rate Q2, and both pumps have the same head, H1= H2. Since the two pumps are identical,
the maximum head, Hmayx, is the same in each pump, but the maximum flow rate Q,,,,, is
as up to twice as large as the flow rate of one pump according to Equation (14):

Qmax = Q1+ Q2 =201 =2Q2 (14)
H A
Hmax
H2’
H1=H2
Q2 Qmax Q'

Figure 4. Performance curve when two pumps are connected in parallel.

However, in the actual operation of the pump, Q2 is generated considering the
pipe resistance R, and the head is located at H2 according to the pipe’s resistance curve.
Therefore, at the time when one pump is stopped, the flow rate and head of the refrigerant
pump return to Q1 and H1. In the case of the designed OTEC, the operating head and
flow rate are designed so that operation is possible within the point where net output
is generated.

2.3. Dynamic Cycle Simulation
Dynamic Cycle Performance Simulation

(1) Pump shut down situation and expected action.

A PID (Proportional-Integral-Differential controller) is a representative type of control
method most commonly used in practical applications. The PID controller basically has
the form of a feedback controller. The PID controller measures an output of an object to be
controlled and compares it with a normal setting condition. In this section, an analysis is
performed by applying the same flow rate change that occurs when the pump is stopped.
At this time, the expected results and controllable factors are analyzed.

The tested shut down situations are listed below, and the expected results with coun-
termeasures are listed in Table 3:

(1) Seawater pump (surface and deep seawater) stops: aging of pump, electric leakage,
system blackout, damage to key components, external impact, unskilled operation
technique, immersion in seawater, clogged impeller, biofouling, seawater leakage, etc.;
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(2) Refrigerant pump stops: aging of pump, electric leakage, external impact, damage to key
components, refrigerant leakage, unskilled operation technique, clogged impeller, etc.

Table 3. Specifications of pump shut down situations.

Situation

How to
Apply Expected Result Control Element
the Situation

. . Separator liquid rise, turbine Refrigerant pump flow
Sea water pump stops Rapid decrease in surface parator 1q " & pump
liquid inflow, turbine control, second surface
(surface seawater) seawater flow
output decrease seawater pump
. . Separator liquid rise, turbine Refrigerant pump flow
Sea water pump stops Rapid decrease in deep paratoriq " 5 pump
liquid inflow, turbine control, second deep
(deep seawater) seawater flow
output decrease seawater pump

Refrigerant pump stops

Rapid decrease in refrigerant
flow rate

Refrigerant pump flow

Reduce turbine power
control, emergency stop

(2) Dynamic cycle performance with respect to pump shutdowns.

The operation monitoring time is set for 10 min, with the pump shutdown occurring
5 min after the start of the operation. The flow rate and temperature of seawater, the flow
rate of the refrigerant, the heat capacity of the evaporator, the output of the turbine, and
the change in the liquid level in the liquid separator were monitored. Table 4 shows the
dynamic cycle parameters of the OTEC system. In general, in the case of power imbalance
and malfunction, the flow rate decreases rapidly when the pump stops. However, in order
to confirm the change in system performance according to the change in the flow rate, the
inflow, damage by impurities in the impeller, leakage, damage to the pump discharge part,
etc., were assumed. The model was designed to generate a gradual change in the flow rate
per 2 minutes.

In this simulation, the reservoir tank is assumed to have a volume of 75.4 m3, and
the inflow of the gas phase refrigerant is set to occur at a flow rate point of 2% in order to
analyze operating conditions after hazard occurrence. In addition, the liquid refrigerant
separated in the 1.5 m? class liquid separator was designed to flow into the turbine after
reaching the 95% level point.

An inverter control is applied to the operating fluid pump in accordance with the
change in RPM in the range of 950-1150 RPM to regulate the flow. The Honeywell PID-A
model is used as the working fluid control algorithm [20].
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Table 4. Parameter of the dynamic OTEC cycle.

Parameter Value Unit

Operating Condition Design

Refrigerant pump RPM range 950~1150 RPM
Working time 600 s
First change time 290 s
Liquid volume in reservoir tank 4.54 m3
Normal operation output 980 kW
Normal warm water pump output 105 kW
Normal cold water pump output 111 kW
Normal refrigerant pump output 66 kW
Pump Shutdown Condition Design
Decreased time in surface seawater flow 120 s
Decreased time in deep seawater flow 120 s
Decreased time in refrigerant flow 120 s

3. Risk Simulation and Improvement Plan Development
3.1. Change in Performance with Respect to Pump Shutdowns

The change in the external factors of dynamic operation can lead to a reduction in
the flow rate through RPM control, causing a decrease in the pumping head and effi-
ciency losses. The algorithm for preventing such a situation is applied flexibly in the
dynamic simulation.

3.1.1. Standard Conditions

In standard conditions, the operation characteristics of the turbine and the generation
efficiency are 979.2 kW and 2.92%, respectively. The refrigerant tank’s level is maintained
at 28.3%, with a circulating refrigerant flow rate of 112.2 kg/s. This operation status is
expected to show a decline in efficiency due to various situations of system disorder, such
as low tank level and temperature changes.

3.1.2. Shutdown of Surface Seawater Pump

In accordance with the shutdown of the surface seawater pump, the flow rate decreases
from 1864 kg/s to 0 kg/s in 120 s after hazard outbreak. At the same time, the power gener-
ation output will decrease by about 13.9% until the seawater flow rate decreases by 40.9%.
A decrease in output occurs at 8.63 kW /s for the first 22 s and will then instantaneously
decrease to 0 kW. In the meantime, the level of the liquid separator increases rapidly as the
evaporative heat decreases. Along with the reduction in surface seawater flow, the level of
the liquid separator increases up to 100%, reached rapidly in 22 s.

As the liquid refrigerant flows into the turbine and frequent changes in the amount of
heat of evaporation occur, surging and cavitation of the turbine are expected.

3.1.3. Shutdown of Deep Seawater Pump

In accordance with the shutdown of the deep seawater pump, evaporative heat
quantity gradually decreases until it reaches 111.4 kW /s in 110 s. Then, the rate of decline
accelerates rapidly with a decrease of 905.6 kW /s for 24 s.

The deep seawater flow rate at this moment is reduced by 92.6% compared to the
initial circulating flow rate. Due to the decrease in evaporative heat, the inflow of the liquid
separator increases at 384 s, showing a rapid increase of 0% to 100% in a short period of
time, about 18 s. Regarding the turbine’s output, the generation rate is 361.4 kW even
though the flow rate decreased to 74.6 kg/s, which is a 35.8% decrease.
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Unlike surface seawater pumps, deep seawater pumps show operational stability even
at low flow rates of up to 10%. However, a deep seawater flow rate of less than 10% causes
liquid inflow and surging in the turbines like in the surface seawater pump.

3.1.4. Shutdown of Refrigerant Pump

In accordance with the shutdown of the refrigerant pump, the flow rate of the refriger-
ant and turbine output decreases proportionally, with a rate of 1.95 kg/s and 7.83 kW /s for

58 s, respectively.

It is expected that the shutdown of the refrigerant pump will have little effect on the
system due to the decreased turbine output rate. This leads to a lower risk of turbine
damage caused by the inflow of liquid refrigerant and the dry operation of the pump due
to the reduced flow rate of the working fluid. Figure 5 shows the changes in the OTEC
system’s performance according to the shutdowns of the refrigerant pump and seawater

pumps with their associated risk situations.
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3.2. Analysis of Pump Control Solutions in MW OTEC
3.2.1. Control for Surface Seawater Pump

The surface seawater pump intakes warm temperature seawater, which serves as a
heat source for the refrigerant. Therefore, the shutdown of this pump directly leads to
the reduction in the heat source. The prevention of this situation can be accomplished
by controlling the flow rate or water lift level. In this study, a flow rate control system is
adopted. Figure 6 shows the logic for starting the parallel pump operation according to the
change in the pump head. When the head drops below the minimum level, the auxiliary
pump is started [21]. A control method according to flow rate change was applied based
on the methods of previous studies.

Read

H and dH/dt

@
@

Pump 3 -- OFF

Figure 6. Control logic of auxiliary water pump (A. Malekpour).

NO
YES
—
NO
-~ ON
NO
NO

Depending on the inflow rate of the surface seawater pump, rapid power reduction
and inflow of liquid refrigerant occur in the turbine at upon reaching 59.1% of the existing
flow rate. Since the system shutdown occurs at more than 50% of the total flow rate, it is
expected that a system shutdown occurs when one pump in a dual pump system without
an auxiliary pump stops. Therefore, the prevention of such a situation is necessary and can
be achieved by adopting an auxiliary pump and parallel operation.

The ideal is to have three or more pumps, stabilizing them by operating two pumps
in parallel, and using one as an auxiliary pump (used when the pump in operation stops).
In addition, the parallel operation of the pumps is necessary in terms of overcoming the
disadvantages of the large seawater inflow volume and high electricity usage.
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For the control logic of the surface seawater pump, an auxiliary pump operates under
the conditions where at least one of the two seawater pumps show a decline in flow rate.
When the flow rate is unstable, even when pumps 1 and 2 are operating at the same time,
an alarm signal will occur. The alarm will also activate when a seawater pump stops, when
two or more pumps stop, or when the entire system has stopped. Such stand-by control is
applied for system stabilization in mechanical and chemical processes [22].

3.2.2. Control for Deep Seawater Pump

The deep seawater pump intakes low-temperature (deep) seawater, which works as a
heat sink to facilitate the OTEC plant’s operation [23]. This cooling system is similar to the
seawater cooling system used in nuclear and chemical power plants.

In case the cooling system is damaged, the shutdown of the entire system is in-
evitable [24]. In accordance with the decrease in the deep seawater inflow rate, a rapid
reduction in the output and liquid phase refrigerant inflow to the turbine occurs at the
point of 8.4% performance. The solution method is similar to the method described in
Table 3 (i.e., an auxiliary pump and parallel operation is necessary to ensure system safety).
The logical circuit is also applicable to this section for system stabilization. Figure 7 shows
the control logic for the surface and deep seawater pumps.

M.y o, - OTEC Supply Warm or Cold Seawater Mass flow, Set point
M., - OTEC Supply Warm or Cold Seawater Mass flow

5, : OTEC Operating Signal {On=1, Off=0)

S, - OTEC Supply Seawater pump Operating Signal (On=1, Off=0)

Alarm sigmal

No
Spare Pump- OFF

Pump2- ON

¥

Output : OTEC O perating
Signal

Figure 7. Control logic of surface and deep seawater pumps.
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3.2.3. Control for Refrigerant Pump

The refrigerant circulation pump recovers heat from the surface seawater using R32, a
working fluid, which then flows into the turbine as a high-temperature and high-pressure
gas. The heat energy is converted into kinetic energy and then converted into a liquid re-
frigerant by a condenser. The reduction in turbine output and heat capacity is proportional
to the decrease in the refrigerant, so there are only a few risk factors affecting the turbine
and impeller, such as water hammering and the inflow of liquid refrigerant to the turbine.
Moreover, by adopting a parallel operation of refrigerant pumps, risk factors are expected
to be mitigated up to 50% compared to the initial system. Therefore, the improved system
should be designed with two pumps. The pumps are to be operated in parallel, and when
one pump stops, the other will operate independently [25].

In the improved refrigerant pump operation control model, refrigerant pumps are
operated in parallel. This enables an alarm element to be selected when one of the two
refrigerant pumps stops at 391.7 kW, which is an amount of power lower than the net
power output, in addition to an emergency stop when both of them stop.

Figure 8 shows the control logic of the refrigerant pump. Figure 9 shows the P&ID
diagram for optimal seawater and refrigerant pump control.

T

}

Piuy o - Power of OTEC, Set point

P, : Current Power of OTEC
Porin - Mini Poy f OTEC
P Pou P i inimum Power o
S.: OTEC Operating Signal (On=1, Off=0)

Alarm sigmal

[
No

Sp=1 S,=0

Output : OTEC O perating
Signal

Figure 8. Control logic of the refrigerant pump.




J. Mar. Sci. Eng. 2023, 11, 155

14 of 19

SEA WATER

ouTLET bt

SEA WATER

SURFACE
SEA
WATER
INLET

e ouTLET

LEGEND

Tag No. —Description |
~ Check Vaive ST SOUTET et
b Butterfly Valve —
A | Pressure Relief Vaive
- :}* Leak Detector
m Globe vaive KRISO 1MW CLASS OTEC
=] Concentric Reducer
® Pump DRAWING TITLE
e Vacuum Pump Piping and Instrumentation Diagram |
Ny N2 Bombe
RR Refrigerant Recovery SIZE DRAWING NUMBER REV
P Separator - P&ID _
T Turbine
G Generator SCALE - I WEIGHT(kg) - ISHEET 1/1
—r—T—T—7T—7—T1T—T1—T71—T—7—T—T—T—T—T—T—TT 71—
H I T B | A

Figure 9. P&ID diagram for optimal seawater and refrigerant pump control.

4. Results of OTEC Simulation with Improved Operation and Control System
4.1. Simulation Results
4.1.1. Shutdown of Surface Seawater Pump

As shown in Figure 10, the flow rate of surface seawater remained at 1236 kg/s despite
the pump’s shutdown. In addition, in the case of individual pumps, the flow rate was
618 kg/s. The reason for this maintained flow rate is that the relative gradient of pump No.
1, which stopped operating, is equal to the same amount of water inflow caused by the
auxiliary pump’s operation.
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Figure 10. Flow rate gradient of surface seawater pump.

At 406 s, the maximum flow rate of the pumps is reached, with a rate of 1297 kg/s.
However, if the rate of decrease in the flow rate caused by the pump shutting down is
assumed to be within 60 s, the change in the flow rate of the seawater supply is expected
to occur within 4.9%. On the other hand, the change in evaporation heat increased up to
22.6 kW, showing a slight increase rate of 0.069%.

In addition, when a single-pump or a double-pump system operates without using
an auxiliary pump, the system cannot rehabilitate a sufficient amount of evaporation heat
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when a pump shutdown occurs, which leads to the entire system shutting down. Figure 11
shows the change in the dryness of the refrigerant according to the type of pump used.

Even when a double pump is used, if one pump is stopped, the liquid refrigerant still flows
into the turbine after about 130 s.
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Figure 11. Vapor fraction of the refrigerant according to the type of heat pump used.

4.1.2. Shutdown of Deep Seawater Pump

As shown in Figure 12, the flow rate of the deep seawater pump remained at 1004 kg/s
due to the relative gradient of pumps No. 1 and No. 3. At 396 s, the pump’s flow rate
reached a maximum rate of 1109 kg/s. However, if the stopped pump’s actual flow rate
reduction is assumed to be within 60 s, the change in the flow rate of the deep seawater
supply is assumed to be within 10.4%. On the other hand, the change in evaporation heat
increases up to 39.1 kW, showing a slight increase rate of 0.12%.
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Figure 12. Flow rate gradient of deep seawater pump.

Like the surface seawater pump, the deep seawater pump does not use an auxiliary
pump, and when a single-pump or a double-pump system is being used, a sufficient
amount of evaporation heat cannot be secured when one pump is stopped, causing the
whole system to stop. Figure 13 shows the change in the dryness of the refrigerant according
to the type of pump system used. Even when a double-pump system is used, if one pump
is stopped, the liquid refrigerant flows into the turbine after about 170 s.
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Figure 13. Vapor fraction of the refrigerant according to the type of cold pump used.

4.1.3. Shutdown of Working Fluid Pump

As shown in Figure 14, in the case where a single pump shuts down while operating
the pumps in parallel mode, the system is maintained by operating the auxiliary pump.
Moreover, when pump No. 2 stops, the flow rate of pump No. 1 offsets the effects of the
shutdown by increasing its flow rate by 53.4% from 56.2 kg/s to 86.3 kg/s. Therefore,
even though pump No. 2 stops, the entire heat capacity supplied to the OTEC system is
27.1 MW, which is 79.5% of the steady-state operation (34.1 MW).
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Figure 14. Inlet and outlet pressure gradient of working fluid pump.

1400

The generation efficiency is reduced to 39.8%, which is a decline in output from
1010 kW to 595.7 kW. Nevertheless, power generation output increases to 0.213 kW /s with
the increase in flow rate after decreasing to the lowest point, resulting in 617 kW of power.
Even when one refrigerant pump is stopped, about 368 kW of additional power is generated
compared to the OTEC’s 249 kW of electricity consumption. Considering such output, it is
expected that the repair and maintenance of the pump will be possible without stopping.

This phenomenon occurs with respect to the reduction in the refrigerant supply flow
rate, thus leading to the pressure loss of the turbine inlet, and the pressure difference of
the inlet and outlet decreases as shown in Figure 15. Loss of turbine head and decrease in
the evaporation pressure are the main causes of the flow rate of working fluid pump No. 1
increasing. For this reason, it is expected that the results of the working fluid pump No.
1’s operation showed a maximum flow rate, a 36.4 m water head condition, and a 78.9%
efficiency. On the other hand, the efficiency of the turbine was reduced by 1% compared
to the flow rate of a single refrigerant pump, and the outlet pressure was also reduced by

150 kPa.
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Figure 15. Flow rate gradient of working fluid pump.

4.2. Improvement Evaluation of Simulation Results

In this study, control modes were identified and presented through hazard analysis.
Furthermore, the rate of system improvement is specified into low, medium, and high
system improvement regarding the effect of the control module on the entire OTEC system.

The steady-state operation of the seawater pumps was able to be using parallel and
auxiliary pump operation. In the case of the refrigerant pump, 40% of the total output
during the operation of one of the two units was reduced, and there were no risk factors,
such as the inflow of liquid refrigerant into the turbine and water hammer, so no extra
pump was needed. Table 5 shows the performance results of the improved OTEC system.

Table 5. Performance results of improved OTEC.

Situation Effects on System Control Module Achievements Improvement
Surface seawater . .
pump shutdown ‘Liquid inflow to turbine ~ ["'stallation of 3 pumps (2 High

-System output decrease in parallel operation, 1 -Hazard solved
Y P
Deep seawater Svstem shutdown spare, and alarm when Hioh

pump shutdown Y pump shuts down) &
Refrigerant pump -System shutdown Parallel operation of -Prevention of .

shutdown 2 pumps (alarm when Medium

-System output decrease

pump shuts down) system shutdown

5. Conclusions

An analysis of hazard factors in an OTEC system has been carried out in this study
for the establishment of an automated control system to prevent system impacts. System
impacts have been analyzed via dynamic simulation, and the design of a control logic
followed in order to prevent the identified impacts. As a result, an optimized P&ID control
manual has been established. The following conclusions are drawn from the dynamic
simulation:

(1) The suspension of the surface and deep seawater pump decreases the amount
of evaporative heat and condensation heat, respectively, causing an increase in system
pressure. In addition, if the degrees of the superheating and vapor fractions cannot be
secured, the system is stopped along with the refrigerant flowing into the turbine. In order
to control this situation, on/off control, auxiliary pump preparation, and parallel operation
of the pumps have been established. This prevents the shutdown of the entire system when
one pump shuts down, and the operation of the auxiliary pump operation can restore the
operation to a normal range.

(2) Compared to other hazards, the effects of a refrigerant pump shutdown caused less
damage to the system, such as liquid or water inflow into the turbine, water hammering,
dry operation of the refrigerant pump, etc. However, by operating the refrigerant pump
in parallel, the power generation system was prevented from being stopped, and it was
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confirmed that the efficiency of the system was reduced by 40% compared to normal
operation.

(3) Control of the number of pumps is selected according to this approach’s effect
on the system upon stopping one of the pumps. It is essential to apply an auxiliary
pump within the range where superheating and dryness can be secured. Adequate pump
operation design in OTEC can solve various pump-related risk factors such as power cut-off
and operation errors that occur during operation as well as pump overdesign and volume
increases.

The control modules of the OTEC system derived in this study are proposed for
stabilizing the operation of power generation facilities and will be utilized to establish an
optimal control system for demonstration plants.
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