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Abstract: In this study, a method is proposed to minimize electrical load fluctuations and improve
the efficiency of engine generator operation by managing refrigerated ship containers through an
integrated control system. The proposed system actively controls the electrical load by assigning
operational priorities based on cargo temperature deviations to existing independently operated
refrigerated containers, ensuring that they operate only within the available power of the engine
generator. As a result, the average specific fuel oil consumption can be reduced. A 70 h simulation
of the refrigerated containers, a power system, and an integrated control system demonstrated in
MATLAB/Simulink 2021b that the magnitude of electrical load fluctuations decreases from 37.6% to
9.6% of the engine generator’s rated power compared with the conventional operation of refrigerated
containers. In addition, a 1.88% fuel saving is realized.

Keywords: electric power stability; refrigerated container; integrated control system; efficiency;
container ship

1. Introduction

Climate change has caused a global crisis, which is accelerating at an alarming rate,
prompting various research fields to address this problem [1-3]. The International Maritime
Organization (IMO) strives to reduce greenhouse gas emissions from ships by enforcing
regulations discussed in the Energy Efficiency Design Index (EEDI) and Energy Efficiency
Existing Ship Index (EEXI) [4-6]. Therefore, ship operators are looking for solutions to
improve the energy efficiency of their ships and comply with IMO regulations [1,3,7-9].

Various types of container cargo are loaded onto container ships, among which re-
frigerated containers require a continuous power supply to maintain a cargo temperature
suitable for preservation [10]. The independent operation of refrigerant cycles in refriger-
ated containers causes intermittent and sudden electrical load fluctuations in a ship’s power
system [11,12]. In contrast to land-based power systems, a ship’s power system typically
comprises multiple engine generators as power sources [13-15]. Therefore, intermittent
electrical load fluctuations tend to compromise the stability of the ship’s power system and
decrease power generation efficiency. This, in turn, reduces the ship’s energy efficiency [16].

This study is based on the idea that sudden power-load fluctuations and prediction
uncertainties can be controlled if independently operated refrigerated containers can be
managed in an integrated manner. Through this approach, this study aims to efficiently
manage the engine generator load and reduce fuel consumption, thereby improving the
energy efficiency of the ship.

The existing studies and literature were reviewed to verify the feasibility and lim-
itations of the initial idea. Considerable research has been conducted on methods for
maintaining the temperature of refrigerated containers and increasing their efficiency. Kan
and Filina-Dawidowicz conducted studies on the rate of temperature increase based on
cargo placement [17,18]. Zili explored heat management improvements by using a mist in-
jection cooling system [19]. Serensen researched energy savings using an MPC method [20].
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Nel conducted studies to enhance efficiency by improving air circulation inside refrigerated
containers [21]. Budiyanto investigated the correlation between the energy consumption
and surface temperature of refrigerated containers [22]. In addition, Budiyanto conducted
a study on achieving energy savings by installing a roof shade over refrigerated contain-
ers [23]. However, these studies focused on the performance improvement and efficiency
enhancement of refrigerated containers. Still, they were limited in addressing the overall
cargo management and control methods, such as those applicable to ships.

An additional literature review revealed that previous studies focused on improv-
ing energy efficiency through the management and integrated control of refrigerated
cargo. Van Duin conducted a study to reduce the energy peaks caused by refrigerated
containers [24]. Iris and Lam investigated the effective control of refrigerated containers by
integrating smart grid technology with energy management systems [25]. Zhang studied
improvements in economic efficiency through rational cargo management in maritime cold
chains [26]. Mao investigated berth allocation and management for the effective loading
of refrigerated containers [27]. However, these studies have limitations in identifying
improvements through the integrated management of the energy efficiency of refrigerated
containers during long voyages.

Furthermore, numerous studies have been aimed at enhancing the efficiency of re-
frigerated containers using cold energy [28,29] and refrigerated containers and logistics
chains [30-34]. However, these studies did not provide insight into the management
of refrigerated containers from the perspective of an integrated ship control system. To
efficiently operate refrigerated containers on ships, it is vital to ensure that individual
refrigerated cargo does not exceed the allowable temperature ranges, does not surpass the
operational limits of the generators, and allows the engine generators to operate efficiently.
However, meeting these requirements is a challenge.

Therefore, based on the lack of existing knowledge regarding implementing an in-
tegrated ship control system to operate refrigerated containers, a method is proposed to
minimize electrical load fluctuations and operate engine generators in a high-efficiency
range by managing refrigerated ship containers using an integrated control system.

2. Materials and Methods

As shown in Figure 1, the proposed integrated control system for refrigerated contain-
ers was designed and verified using several steps. First, the specifications of refrigerated
containers and the power system installed on actual container ships were analyzed. Further-
more, an overall framework for comparing and verifying the integrated control system for
refrigerated containers was designed. Second, modeling and simulations were conducted
to confirm the electrical load fluctuations caused by the irregular operation of existing
refrigerated containers. Third, the effectiveness of overcoming existing problems was veri-
fied by designing and simulating the proposed integrated control system for refrigerated
containers. Fourth, improvements in energy efficiency and power stability were confirmed
using a simulation linked to the power system of an actual ship. Finally, the utility of
the proposed integrated control system was confirmed by a comparative analysis of the
simulation results of the conventional operation method for refrigerated containers and the
proposed integrated control system.
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Figure 1. Design and verification process of proposed ref. container integrated control system.

2.1. Analysis of Specifications and Framework Design of the Target Container Ship
The specifications of actual ships were analyzed, and an overall framework was
designed to model the integrated control system for refrigerated containers and the power

system. Table 1 presents an electric load analysis, which includes the power-load analysis
data based on the specifications and operating modes of the ship.

Table 1. Specification for target vessel.

1006 TEU Container Vessel
Max. 20 Feet. Ref. Container Quantity is 65 [EA]

Electric System

Capability Power Voltage .
Power Source DG Model DG Fuel Type [kVA] Factor V] Quantity
Diesel MAN E&S
Generator 23/30 H MGO 1064 0.85 450 3
Electrical Load Analysis
Navigation . . . Mano. With
Moade Seagoing Maneuvering Cargo Handling In Port Thruster
Power [kW] 580.9 753.3 608.6 496.9 746.9

Based on the data presented in Table 1, the ship’s power system is configured with
three generators, dynamic power loads that vary according to the operating scenarios, and
simplified refrigerated containers. The overall framework was designed by adding an
integrated control system for refrigerated containers that interfaces with data from existing
ship power control systems and refrigerated containers.

2.2. Operating Method of Conventional Refrigerated Container Model

To maintain the cargo temperature, the refrigerated containers have a set start and
stop temperature for the refrigerant cycle. During the refrigerant cycle, the compressor
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compresses the refrigerant, leading to increased power consumption by the refrigerated
container [35]. According to the analysis of existing literature and technical data on refriger-
ated containers, the power consumption of a typical 20 FT refrigerated container is 2.5 kW
when the refrigerant compressor is not running and 12.5 kW when it is running [11,24].
The duration for which the internal temperature of the refrigerated container is maintained
depends on various factors, such as the insulation condition of the container, solar radia-
tion, and the arrangement of the refrigerated cargo [30,36,37]. The model was simplified to
model the load variability of refrigerated containers based on the measured temperature
maintenance and refrigerant cycle operation times of the target ship. It was found that an
average of approximately 50 min was required for the refrigerant cycle to move from the
stop temperature to the start temperature, and the average operating time of the refriger-
ant cycle was approximately 10 min. Additionally, various factors that contribute to the
temperature increase of refrigerated containers, such as external air temperature, exposure
to sunlight, wind, and the thermal conductivity of container materials, as well as factors
that directly affect temperature reduction, including compressor performance, the type
and amount of refrigerant, and heat exchanger status, were considered as a constant re-
ferred to as the status factor (SF). This allows the refrigerated containers to exhibit different
characteristics, closely resembling real-world conditions, and thereby cause variations in
power consumption. Based on the above information, Equations (1) and (2) were derived
to determine the temperature of the refrigerated container over time.

_ (%)
Ref.Temp @ no cycle = Last Temp + <At X 0 <350 )’ 1)
Ref.Temp @ cycle = Last Temp + | At x (%) )
' 60 x 10 )’

In the refrigerated container model, the temperature increases linearly over time,
according to Equation (1), when the refrigerant cycle does not operate. When the start
temperature of the refrigerant cycle is reached, the temperature subsequently decreases
linearly, according to Equation (2), until the stop temperature of the refrigerant cycle is
reached. In addition, the model is set to consume 12.5 kW of power when the refrigerant
cycle is operating and 2.5 kW of power when not in operation. This modeling approach
was applied to a maximum loadable number of 65 refrigerated containers on an actual ship,
as shown in Figure 2.

2.3. Validation for Modeled Refrigerated Containers

To verify the proper functioning of the MATLAB/Simulink model based on Equations
(1) and (2), a simulation was performed by applying the variables to the model using the
reference data from the literature [24], as shown in Table 2.

Table 2. Data for literature and test models.

Reference Data from the Literature [24]

Initial Allowed Allowed e
. . . Auxiliary .
Dimensions temperature Set point temperature, temperature, ower Cooling power
before plug-in upper limit lower limit P
Values 10.2°C 10°C 10.5°C 9.5°C 2.5 kW 10 kW
Parameter for Test Model
- Allowed Allowed
Initial
Dimensions temperature Set poin ¢ temperature, temperature, Power when Power when
before plug-in upper limit lower limit CTT Status CST Status
pig (CST) (CTT)
Values 10.2°C - 10.5°C 9.5°C 2.5 kW 125 kW
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Figure 2. Configuration for existing ref. container model.

The simulation results, compared with the reference graphs from the literature, are

presented in Figure 3.
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Figure 3. Comparison of temperature and power variations between the reference model and

test model.
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In the reference graph, the temperature fluctuates between 10.2 °C and 10.5 °C, while
in the test model, it varies according to the CST and CTT values. Additionally, both graphs
show that the power increases to 12.5 kW when the temperature decreases, and 2.5 kW is
consumed during the temperature rises. However, there is a difference in the time scale of
temperature fluctuation between the two graphs. This can be interpreted as a result of the
test model being based on the actual ship data, whereas the reference literature data were
measured at the terminal.

In conclusion, the generated model effectively demonstrates the potential for power
irregularities in the ship’s power system depending on the operational time of the refriger-
ated containers.

2.4. Proposed Integrated Control System for Refrigerated Containers

The proposed integrated control system centrally controls the operations of refrig-
erated containers. For this purpose, the integrated control system inputs the start and
stop temperatures of the refrigerant cycle for each refrigerated container and monitors the
temperature of the containers and the power load of the power generation system in real
time. The integrated control system operates under two conditions. First, it ensures that
the total power load does not exceed the safety load, preventing the engine generator from
operating in a low-efficiency range. Second, it maintains the internal temperature of each
refrigerated container within the start and stop temperatures of the refrigerant cycle to
preserve the freshness of the cargo. To prevent all refrigerated containers from operating
simultaneously and allow for sequential operations based on priority, the system performs
calculations based on Equation (3). Priority is determined by evaluating how close the
real-time temperature of each container is to the refrigerant cycle operation start point.

Temp @ current — CTT

ol = CST —CTT

x 100, 3)

Temp @ current = current Ref. Temperature,
CST = Ref. cycle start Temperature,
CTT = Ref. cycle stop Temperature

Figure 4 shows the DG SFOC curve for the target vessel, and it can be observed that
efficiency is high at loads above 75%.

230

2207

N
=
o

SFOC (g/kWh)
N
o
©

190

180 30 40 50 60 70 30 20 100
Load Percentage (%)

Figure 4. DG SFOC curve for target vessel.
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Furthermore, to ensure the efficient operation of the engine generator as well as the
safety of the power system, the integrated control system issues refrigerant cycle operation
commands to individual refrigerated containers based on the priority of the %T value
within the power-load margin defined by Equation (4).

DG margin = 1064(DG rated power) x 0.82(Safety Factor) = 872.48 4)

The system is designed such that the operation ceases when container in which the
refrigerant cycle operates reaches the average %T. Figure 5 shows the configuration diagram
of the 65 refrigerated containers operated by the integrated control system.

Current Electric Load
for Ship

Running Signal

Each Ref. (On/Off)

- Initial Temp.

—
Refrigerated Container i
Integrated Control System Ref. Current Temp. [°C]
for Each Ref.
No.N Refrigerated
Container
1
1
for
No.1
> Refrigerated
Container
[°c] | T T |
- Ref. Status Factor | I CurrentEPohw;r EkW] for |
for Each Ref. = |_____rachRet. ___ [

Figure 5. Configuration for ref. container with integrated control system.

The ICS receives the temperature and power load of individual refrigerated containers
and issues operation and stop commands to each refrigerated container based on the
proposed algorithm.

2.5. Ship Power System and Power Management System

To ensure the stability of the system in response to power-load fluctuations, a power
management system that controls the operation and shutdown of individual engine gener-
ators and manages load sharing was modeled for the power system of the target container
ship, as shown in Figure 6. The power management system simulates the load start and
stop functions, which are crucial for preventing blackouts, by controlling the number of
operating engine generators according to the specified power load. It also simulates the
load-sharing function to ensure an even load distribution during parallel operation.

The power system comprises engine generators, a main bus, and a power-load fluctua-
tion module. Engine generators can start, stop, and share loads according to the commands
from the power management system. The load fluctuation module was modeled to include
the base load of the ship and the power load generated by the refrigerated containers,
allowing for time-based load fluctuations. In addition, the specific fuel oil consumption
(SFOCQ) of the engine generators was calculated based on their loads and fuel consumption
over the operation period. The system also allowed the monitoring of the voltage, current,
and power levels of each bus during the simulation period.
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Figure 6. Configuration for electrical system with control and monitoring system.

3. Results

3.1. Comparison of Power-Load Variability According to the Operating Methods of Refrigerated Containers

A simulation was conducted to compare the load variability between the conventional
operating method for refrigerated containers and the proposed operating method. For the
maximum loadable 65 refrigerated containers on the target ship, the initial temperature,
refrigerant cycle start temperature, refrigerant cycle stop temperature, and status factor
were set as listed in Table 3. The same data were applied to both comparison models. The
simulation results, which included an additional 580 kW power load during navigation
from the ship’s electric load analysis (ELA), are shown in Figure 6.

Table 3. Parameter for each ref. container model.

Ref. No. Initial Temp. [°C] CST [°C] CTT [°C] SF
1 10 12 10 1.00
2 11 7 4 0.99
3 8 6 3 0.98
4 7 9 5 0.98
5 5 8 6 0.97
6 9 10 7 0.96
7 9 9 7 0.98
8 9 10 6 0.96
9 11 5 3 0.96
10 12 7 0.97
11 9 4 0.97
12 9 7 3 0.98
13 11 10 8 0.99
14 5 7 4 0.95
15 12 8 4 0.96
16 5 8 5 0.97
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Table 3. Cont.

Ref. No. Initial Temp. [°C] CST [°C] CTT [°C] SF
17 7 5 1 0.98
18 7 5 2 0.98
19 8 9 5 0.95
20 6 6 2 0.99
21 5 8 4 0.97
22 5 5 1 0.99
23 5 9 5 0.97
24 8 6 2 1.00
25 6 6 4 0.96
26 9 10 7 0.96
27 7 10 7 0.98
28 6 7 5 0.96
29 8 6 4 0.95
30 8 10 6 0.97
31 2 0 -5 0.95
32 -1 -2 -8 0.96
33 -1 0 -5 0.97
34 2 -3 -7 1.00
35 -1 -1 -5 0.97
36 -2 0 —4 0.96
37 1 -1 -7 0.97
38 -1 -1 -5 0.96
39 2 -1 -5 0.98
40 12 0 —4 0.99
41 12 10 0.99
42 7 7 4 0.98
43 10 6 3 0.97
44 10 9 5 0.97
45 7 6 0.98
46 8 10 7 0.99
47 8 9 7 1.00
48 8 10 6 1.00
49 3 3 0.95
50 7 9 7 0.95
51 3 0 -5 0.98
52 -3 -2 -8 0.96
53 —6 0 -5 0.95
54 -2 -3 -7 0.95
55 0 -1 -5 0.96
56 0 0 —4 0.97
57 —4 -1 -7 0.98
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Table 3. Cont.
Ref. No. Initial Temp. [°C] CST [°C] CTT [°C] SF
58 -2 -1 -5 0.99
59 -3 -1 -5 0.99
60 -2 0 —4 1.00
61 3 6 4 0.97
62 5 10 6 0.98
63 -1 0 -5 0.96
64 —4 -2 -8 0.97
65 -3 0 -5 0.98

Electric Load [kW]

1150

1100

1050 [

1000

950 |1

900

850

800

750

With the conventional operating method of refrigerated containers, the independent
operation of individual containers results in a load variability ranging from 750 kW to
1150 kW as shown by the blue curve in Figure 7. This range corresponds to approximately
37.6% of the rated load of the engine generator. In addition, owing to the power man-
agement system (PMS), the second generator operated more than 50 times during the
simulation period when the power load exceeded 904.4 kW, which is more than 85% of the
rated capacity.

o i L«‘w i

|—Electric Power without ICS
—Electric Power with ICS

L

"r" i ';' ;x;". “.

10 15 20 25 30 35 40 45 50 55 60 65 70
Time[h]

Figure 7. Result for electrical power variation with and without ICS.

With the proposed operating method for refrigerated containers, the load variability
was controlled by the integrated control system (ICS) and ranged from 770 kW to 872 kW.
This range corresponds to 9.6% of the rated load of the engine generator. In addition,
during the simulation period, the total power load did not exceed the DG margin set within
the ICS.

3.2. Comparison of Internal Container Temperatures According to the Operating Methods of
Refrigerated Containers

The internal cargo temperatures reported in Ref. Containers No. 1 to No. 4 were
compared based on different operating methods.

With the conventional independent operation method for refrigerated containers, the
refrigerant cycle operated based on the temperature set in the container controller, as shown
by the red curve in Figure 8. This results in internal temperature changes. The temperature
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was varied, reaching a maximum value of CST and the minimum value of CTT, as shown
in Table 3.
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Figure 8. Temperature variation with and without ICS.

The internal temperatures in Ref. Containers No. 1 to No. 4 when operated by the
ICS are shown by the blue curve in Figure 8. The graph indicates that the containers were
operated considering the overall electrical load of the ship and the temperature deviation
range of the container cargo according to the designed ICS control logic. The internal
temperatures of the individual containers did not exceed the CST-to-CTT temperature
range specified in Table 3.

3.3. Comparison of Individual Container Power-Load Fluctuations According to the Operating
Methods of Refrigerated Containers

Figure 9 shows that the electrical load fluctuations in Ref. Containers No. 1 to No. 4
were based on different operating methods. The graphs indicate that the refrigerant cycle
operation is more frequent when the containers are operated by the ICS.

3.4. Comparison of Diesel Generator Load and Fuel Consumption According to the Operating
Methods of Refrigerated Containers

Figure 10 shows the electrical load fluctuations of DG No. 1 and No. 2 operated by
the ship’s electrical load according to the conventional operating method of refrigerated
containers, as well as the load fluctuations of DG No. 1 with the application of the ICS.
When the ICS is not applied, it is observed that the electrical load exceeds 85% of the
safe load of a single generator, prompting the standby generator to operate in parallel.
Consequently, each DG unit shares 50% of the total electrical load, which leads to operation
under conditions where the SFOC is less efficient.

The electric load fluctuations of DG No. 1 when the electric load of the ship was stably
controlled by the ICS are shown by the green curve in Figure 10. The standby DG did not
operate because the total electrical load did not exceed the load-dependent start setting
of the PMS. In addition, it can be observed that during the simulation period, the engine
generator operates within the range 75-80% of the rated capacity, which is a high-efficiency
range for the engine generator.
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Figure 10. Load variation for No. 1 and 2 DG with and without ICS.

Figure 11 shows the average SFOC of the DG with and without the application of
the ICS. It can be observed that the average SFOC of No. 1 DG with the ICS applied is
4.3 g/kWh lower than that of No. 1 DG without the ICS applied.
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Figure 11. Average SFOC for DGs.
This result is due to the DGs operating in a low-efficiency range when the ICS is
not applied.
The fuel consumption of the generators over the simulation period is shown in
Figure 12. It was found that applying the ICS can reduce fuel consumption by 0.24 tons
over the entire 70 h simulation period.
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Figure 12. Fuel oil consumption for each case.

This result is also attributed to the fact that, when the ICS is applied, the power system
operates the DGs within a high-efficiency range.

4. Discussion
4.1. Improved Power Stability of Container Ships Achievable by ICS

Because ships operate with independent power systems, sudden electrical load fluc-
tuations can lower power quality and increase the risk of blackouts [38—40]. Container
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ships are particularly prone to sudden electrical load fluctuations owing to the independent
operation of refrigerated container cargo. This study demonstrated that the proposed ICS
can minimize electric fluctuations and enable the planned operation of power sources by
integrating refrigerated cargo containers. By integrating the functions of the ICS into the
PMS, it is possible to manage and control all major individual electric loads on the ship
from a single system, thereby contributing to further improvements in power stability
and planning.

4.2. Improvement of Ship Energy Efficiency by ICS

To address the climate crisis, ships must use fuel as efficiently as possible to minimize
greenhouse gas emissions. The ICS can play a role in improving the energy efficiency
of ships. By enabling the adjustment of onboard electrical loads, the ICS allows engine
generators to operate within high-efficiency ranges, thereby reducing fuel consumption.
In addition, optimizing the combustion of engines can reduce exhaust emissions [41].
Furthermore, by operating power sources in a planned manner, the unnecessary parallel
operation of DGs can be avoided, leading to reduced operating hours and maintenance
costs as well as decreased fatigue for ship engineers.

4.3. Control Performance for Maintaining the Temperature of Refrigerated Cargo

The CST and CTT applied to the operation of existing refrigerated containers represent
the upper and lower temperature limits of the internal refrigerated cargo, respectively. The
ICS proposed in this study was controlled based on the temperature deviations between
the CST and CTT of individual containers. This allows the temperature variations of the
refrigerated cargo to be smaller than those in conventional refrigerated container operations
and can follow the midpoint of the operating range. Given that a high proportion of
refrigerated cargo containers consists of food, such improvements in temperature variations
can contribute to maintaining the freshness and quality of food.

4.4. Limitations and Future Research

This study focused on modeling a 1000 TEU-class vessel rather than the more recent
trend of 10,000 TEU-class or larger container ships, which may limit its reflection of current
industry trends. Additionally, the ship’s power load exhibits dynamic characteristics due to
various equipment consuming power in addition to refrigerated containers. Nevertheless,
this study confirms that the proposed operation method for refrigerated containers can
lead to more efficient power control. In future studies, this approach can be applied to
larger vessels and further validated by incorporating additional dynamic power loads.

Because this study was conducted via simulations, further verification with actual
ships or land-based facilities is required. To validate the effectiveness of the proposed
method, it is necessary to design hardware and develop software for refrigerated contain-
ers that allow external control of the refrigerant cycle operation. Further technological
development is required to integrate this control with a higher-level PMS. However, as
this does not involve changing the functions of the existing PMS or introducing a new
concept of refrigerated containers, significant investment and technological development
for commercialization are not anticipated. Furthermore, this could be linked to studies on
IoT-connected refrigerated container status monitoring and other related research [30,42].

5. Conclusions

This study addresses the compromising onboard electrical power stability and reduced
power generation efficiency owing to the independent operation of refrigerated containers
on ships. The simulations verified that an integrated control system, which includes an
algorithm that sequentially operates refrigerated containers requiring refrigerant cycle
operation within an available electric power margin, functions effectively. The results are
summarized as follows.



J. Mar. Sci. Eng. 2024, 12,1624 150f 17

1.  Using the conventional operating method of refrigerated containers, the load fluc-
tuation of an engine generator of the target ship was 37.6% of the rated capacity.
However, with the proposed ICS, the load fluctuation was reduced to 9.6%, thereby
enhancing the stability of the power system.

2. The conventional operating method increased the load and fluctuations that exceeded
the standby generator operation settings of the PMS, resulting in more than 50 in-
stances of standby generator operation and shutdowns during the simulation period.
In contrast, no standby generator operations or shutdowns occurred with the pro-
posed ICS.

3. Both the conventional and ICS-based refrigerated container operations maintained the
internal cargo temperature within the set limits; however, the temperature variation
range of the refrigerated cargo with the ICS was lower.

4.  The conventional operating method resulted in a higher SFOC owing to the power-
load instability and parallel operation with the standby engine generator. However,
the proposed ICS allows operation in a lower fuel consumption range, with the
average SFOC of No. 1 DG showing a difference of 4.3 g/kWh during the simula-
tion period.

5. The application of the proposed ICS resulted in a fuel saving of 0.24 tons over the 70 h
simulation period compared to the conventional method, corresponding to a 1.88%
improvement in fuel consumption for power generation.
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