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Abstract: The full electrification of ports is a promising prospect for saving energy and reducing
greenhouse gas emissions. The control scheme of the reefer container is particularly important for
the energy management of the port, as the operation of the reefer container is one of the main energy
consumers of ports. This paper proposes a reefer container hierarchical control scheme that contains
a day-ahead module and intra-day module which is used to generate a rough scheduling strategy
based on forecast data and fine-tuning the strategy, respectively. The final strategy should realize the
economical operation while ensuring that each reefer container does not exceed the temperature limit
during operation. Numerical analysis on the reefer container park with 200 and 850 containers using
the Time of Use (TOU) tariff and super-peak tariff is fully analyzed. In the case of 200 containers,
the proposed method helps reduce operating costs by about 14.7%, and 18% in the scenario of
850 containers. The proposed method can effectively save container operating costs and ensure that
the internal temperature of the container does not exceed the limit while changing the distribution of
energy which could help alleviate the peak load problem of the port electric system.

Keywords: reefer container park; energy management; hierarchical control scheme

1. Introduction

Port terminals are crucial transportation hubs and typically accommodate a massive
volume of merchant ships every day [1,2]. Increasing electricity demands are consumed
by the port facilities including cranes, pumps, and compressors. However, many port
terminals are located in relatively isolated areas, of which the power supply from the
external grid is usually limited. Diesel generators, energy storage devices, and other
backup power supply facilities are necessary nowadays on port terminals to secure the
power supply of terminal ports. Nonetheless, it is difficult to ignore the high cost of running
such backup power supply facilities to maintain the terminal operation. In addition, the
external power grid is sometimes not strong enough to maintain the power supply of port
terminals, and therefore the time of use (TOU) and super-peak tariffs are usually adopted
due to the limited capacity of the power supply circuit and the transformers.

The reefer container park usually stores the reefer containers temporarily and is
required to ensure that the inside temperature of reefer containers is maintained in a certain
range. In addition, the arrival time of the reefer containers is random, which could cause a
power surge to the power grid of the port terminal. This is because the reefer containers are
not powered during the time in which they wait to get access to the reefer container park,
and the compressor will be turned on once the container arrives at the park. Such scenarios
could severely impact the stability and security of the power system of the port. Therefore,
it is important to manage the operation of the reefer container park to avoid a power surge.
Moreover, the cooling power of the containers is provided by compressed refrigerators,
which could waste a great deal of electricity if not managed properly. Considering the heat
storage characteristics of containers, the reefer container park has great potential in shifting

Energies 2021, 14, 4456. https://doi.org/10.3390/en14154456 https://www.mdpi.com/journal/energies

https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0003-4803-3920
https://orcid.org/0000-0002-0802-9858
https://doi.org/10.3390/en14154456
https://doi.org/10.3390/en14154456
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/en14154456
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en14154456?type=check_update&version=1


Energies 2021, 14, 4456 2 of 16

fridge loads to reduce the peak power consumption to support the power network stability.
In this view, the exploitation of port flexible loads will prove as a vital benchmark for the
roadmap towards efficient and green harbors [3]. As a result, the reefer container park
hopes to reduce energy costs based on the reasonable schedule of the reefer compressor.

Along with the development of low-cost communication technology such as the Long-
Range Radio (LORA) and Narrow Band Internet of Things (NB-IoT), the capability for
the monitoring and control of the refrigerated containers, also known as reefer containers,
at the reefer container park are becoming increasingly mature. Some companies, such as
ABB and Identec (Figure 1 shows two different container energy management methods),
have already established monitoring systems that can monitor the operation states of every
reefer container at the reefer container park. Such systems can significantly reduce the
labor cost of manually monitoring the reefer containers. However, the centralized and
distributed control and management schemes that were widely chosen are still lagging,
which is potentially caused by a lack of a reliable and robust control scheme specially
designed for the reefer container park.
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Previous studies carried out on the management of flexible loads (i.e., storage, build-
ing, electrical vehicles (EVs), etc.) have confirmed the active impact on network operation
and the reduction of energy cost. The core technology that supports a flexible loads sched-
ule is the variety of energy management models. Containers are similar to buildings
in terms of heat storage characteristics. The author of Reference [4] presents a critical
review of the potential of an internet of energy (IOE)-based building energy management
system for enhancing the performance of future generation building energy utilization,
which emphasizes the importance of data transmission for energy management. Electrified
ports can also be regarded as small microgrids composed of a large number of electrical
equipment (i.e., refrigerated container, crane, etc.). References [5,6] presents a literature
review of energy management in microgrid systems. Moreover, Reference [5] focuses on
different energy management architectures: hierarchical control, centralized management,
and multi-agent systems. Meanwhile, Reference [6] introduced the optimization model
and solution method for energy management. Among the three control architectures, the
hierarchical control architecture has been proposed and widely accepted as a standardized
solution for efficient energy management [7–9]. Because energy management is a complex
multi-objective control system that deals with issues from different technical areas, it is nec-
essary to design different modules in hierarchical schemes to achieve different optimization
control purposes. In these control schemes, different layers are implemented with different
methods: centralized or distributed. Traditional centralized management methodologies
are proposed in [10,11]. Reference [12] proposed a distributed autonomous building energy
management architecture. In this architecture, multiple building clusters are considered.
Reference [13] presented the distributed demand management approaches which managed
EV charging based on the broadcasted Demand Side Response (DSR) signals sent by the
network operators or aggregators.
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As a flexible and schedulable resource, research specifically focusing on port terminal
energy management is still scarce. Most research on the energy management system of
the port aims to save energy costs and reduce greenhouse gas emissions. Reference [14]
pointed out that the smart-port holistic concept particularly emphasizes operational and
energy efficiency, competitiveness, and environmental aspects. Reference [15] discussed the
feasibility of implementing an energy management system in the port from the perspectives
of cost and benefit. Authors in Reference [2] indicated that energy management principles
and electrical distribution architecture have a great effect on the performance of a port
system. Reference [1] evaluated the potential of adopting the energy management system
in a terminal port and indicated that the energy management system has great potential in
facilitating the energy-saving and green energy consumption of a terminal port.

Some studies have focused on the more efficient use of port facilities. Reference [16]
proposed two solutions aimed at a reduction in CO2 emissions, which are modifications
of rubber-tyred gantry (RTG) cranes and the replacement of fuel-driven terminal tractors
with new liquefied natural gas (LNG) tractors. Reference [17] introduced an innovative
yard crane scheduling method that takes into consideration both efficiency and energy
consumption, minimizing the total completion delay of all task groups and the total en-
ergy consumption of all yard cranes. Reference [18] addressed the problem of integrated
quay cranes scheduling, internal trucks scheduling, and yard cranes scheduling, which is
described as a mixed-integer programming model. The authors developed an integrated
simulation-based optimization method for solving this problem. The energy consumption
of the reefer containers accounts for a considerable part of the total energy consumption of
the port. Reference [19] investigated the effect of solar radiation on the energy consumption
of the reefer containers and found that the power consumption reached a peak of 7.5 kW
during noon. Reference [20] studied the effect of the azimuth angle on the energy con-
sumption of reefer containers and drew a conclusion that the location and direction of the
container terminal have an impact on energy savings. Reference [21] pointed out that many
factors have led to an increase in the peak power demand of the terminal; for example, the
growth of the reefer trade, the seasonality of the food trade, and the special demand for
reefers. An energy consumption simulation model was developed, aiming to study the
opportunity for container terminals to reduce peak demand. Reference [22] discussed the
design criteria of electrical systems for reefer container parks in port terminals, and the
authors suggested the adoption of the main MV distribution together with a modular LV
distribution. Reference [23] presents a special Model Predictive Control (MPC) to efficiently
regulate heating, ventilation, and air conditioning (HVAC) systems which could be used in
reefer container parks.

The existing research on port terminal energy management mostly explores the energy
scheduling or saving methodologies for the whole port terminal. The reefer container park
or reefer clusters are usually considered as a single part of the whole system, of which the
reefer clusters are modeled as a whole to facilitate energy operation. Such optimization
approaches are difficult to maintain each reefer operated in a certain range, which could
bring profit loss to the terminal port operator if the goods inside are spoiled due to the
temperate out-range. However, in the shipping logistics industry, the terminal port has the
responsibility to ensure the reefer container is operated within a certain temperature range.
If not, the terminal port operator will face the risk of encountering the claims by logistic
agents or consignors. To mitigate such risk, terminal port operator employees usually
check and record the operation of the reefers every 1–2 h or install the remote monitoring
system to record the information.

In this paper, a hierarchical control scheme fully considering the day-ahead scheduling,
intra-day control, and emergency control is proposed for electrification of the ports. Such a
control scheme is specifically designed for the reefer container part that aims to achieve
economic operation and at the same time ensure every single reefer will not exceed the
temperature limits during the operation. The main contributions are summarized below.
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• A hierarchical control approach specially designed for the reefer container park is
proposed, of which the day-ahead scheduling and emergency control can balance
both the economical and reliable operation of the reefer container park.

• An Intra-day control module is designed to adjust the data prediction error and handle
the changes of the container arrival time.

• Numerical analysis on the reefer container park with 200 and 850 containers using the
TOU and super-peak tariffs are fully analyzed.

The remainder of this paper is organized as follows. Section 2 describes the framework
of the proposed reefer container park, including the mathematical modeling of the reefer
and compressors. The control approaches and the solved methodologies are presented
in Sections 2 and 3. In Section 4, the proposed methodology is implemented in the reefer
container park with 200 and 850 containers. In Section 5, conclusions are presented and
discussed.

2. Reefer Container Hierarchical Control Scheme System Overview

As mentioned in the introduction, refrigerated containers are the major flexible loads
of future ports. The proposed method enables real-time control of port flexible loads and
effectively reduces their operation cost.

The hierarchical control scheme shown in Figure 2 was developed to achieve the
different goals offered by the reefer container park manager (i.e., accurate temperature
control, operating cost reduction, etc.) The proposed hierarchical control architecture can
be divided into three modules in chronological order: (a) the day-ahead dispatch module
is responsible for generating a rough scheduling strategy for refrigerated containers. (b)
The intra-day adjustment module could fine-tune scheduling strategies based on real-time
environmental information. (c) In order to deal with communication failures, the reefer
container park must also be equipped with emergency control modules, to ensure the
stability of the internal temperature of the container even when real-time information
cannot be obtained, or control signals cannot be transmitted.
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Introduction of Day-Ahead Module and Intra-Day Module

Apart from the emergency control module, the other two modules require energy
management methods to support the realization of module functions. Specifically, the day-
ahead dispatch module aggregates all prediction information (i.e., arrivals and departures,
electricity price, etc.), and then inputs it into the strategy generation algorithm, and feeds
back the scheduling strategy, and stores it in the central scheduling platform. For the
second module, its main function is to read the rough scheduling strategy in the central
scheduling platform and fine-tune the rough dispatch strategy based on the real-time
signals gathered by the reefer container sensor.

Day-ahead module (DA) is assigned to the power control center in the port. The
DA uses an optimization model to estimate all the forecast information over the next
time interval (a day) and then calculate the dispatch strategy with the best economic
performance. Afterward, the DA will send the rough strategy to the Intra-day module.

Intra-day module (ID) is assigned to every single container. Firstly, it will receive
real-time data gathered by container sensors and calculate if the dispatch strategy released
by the central console is reasonable. Afterward, the model in the ID will fine-tune the
strategy and generate a control signal to the current container.

The coordination between each module and the specific model inside each module
will become obvious in next section.

3. Generic Modeling of the Containers for Engineering
3.1. Heat Transfer Model of Container
3.1.1. Thermal Model of Container

In a steady state, when the air temperature on the external and internal sides of the
thermal insulation panel is different, the heat will be transferred from the high-temperature
side to the low-temperature side through the panel. The formula that can represent the
heat transfer process on a flat panel is expressed in Equation (1).

Q = KF(Tout − Tin) (1)

where Q indicates the amount of heat going through container panel in a unit time. Tout
and Tin denote the external and internal temperature of the container, respectively. The
area of the insulation panel is represented by F, whilst the heat transfer coefficient of the
thermal insulation panel material is K.

3.1.2. Heat Transfer Model of Solar Radiation

After a certain amount of solar radiation energy is absorbed by the external surface
of the thermal insulation panel, the heat transferred into the container will increase. To
facilitate the study of the thermal effect of solar radiation on the container thermal insulation
panel, the amount of absorbed solar radiation energy can be expressed in the form of
temperature. Due to the thermal effect of the solar radiation, the amount of heat transferred
from the air to the external side of the insulation panel is deemed as the heat that is obtained
by the container surface from the solar radiation, which can be represented by Equation (2).

Qs = IFSc (2)

where Qs is the solar radiation energy absorbed by the insulation panel and I is the solar
radiation power Sc denotes the absorption coefficient of the container external surface for
the solar radiation energy.

3.1.3. Heat Balance Model of Container

The primary factors that can affect the internal temperature of the refrigerated con-
tainer are the heat transfer on the container Q, the heat from solar radiation Qs, and
the cooling energy generated from the refrigeration equipment QCF. The relationship is
described by Equation (3).
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Tin
m − Tin

m−1

∆m
ρcV = ∑j∈{bot,arr} KjFj

(
Tout

m−1 − Tin
m−1

)
+ IFtopSc −QCF

m−1 (3)

where ρ represents the air density, c denotes the Specific Heat Capacity, and V is the internal
volume of the container. m indicates the index of the current time slot and m− 1 is the
last time slot index. ∆m represents the control time interval. Various subscripts depict
different parts of the container: bot is the bottom of the container, arr represents the sides
(four vertical surfaces) of the container, and top is the top of the container.

3.1.4. Model of Compression

A refrigerated container should be capable of freezing, refrigerating, dehumidifying,
defrosting, and heating for a long period and a refrigeration system must be employed in
the container. The core equipment of the refrigeration system is the compression refrigerator
which inhales the low temperature and low-pressure refrigerant gas through the suction
pipe. Subsequently, the piston is driven by the electric motor to compress the refrigerant gas
which will become high temperature and high pressure. The gas will be pumped into the
exhaust pipe to provide the power for completing the refrigeration cycle. More specifically,
a refrigeration cycle consists of compression, condensation, expansion and evaporation,
and heat absorption. The amount of cooling energy produced by the refrigeration unit
within the container can be calculated using Equation (4).

QCF = PCFη (4)

where PCF is the input electrical power of the refrigerator and η is the efficiency of produc-
ing the cooling energy.

3.2. Modelling of Energy Management

From the perspective of the port operator, the aim of the optimal control of the con-
tainer temperature is to effectively schedule the output power of the container refrigerator
so that the operating costs of the container business can be minimized and a good level
of refrigeration within the container can be maintained. Therefore, the objective function
is up made of the parts: the cost of the electricity, utilization, and maintenance of the
compression refrigerator used in the container, as shown in Equation (5).

J = min ∑M
m=0 αmPm + γPm (5)

where αm is the electricity price at time m, Pm denotes the power consumption of the
refrigerator, and γ marks the refrigerator maintenance cost per unit power consumption.

In addition, the temperature control system deployed in the refrigerated container
needs to satisfy other constraints such as the energy balance constraint, container tempera-
ture constraint, and refrigerator power constraint.

3.2.1. Constraint for Refrigeration Load Balance

Equation (6) represents the energy balance constraint of all containers. Particularly,
the refrigerated containers in the market are generally categorized as high-temperature
containers, medium-temperature containers, low-temperature containers, and ultra-low-
temperature containers, and the combination of the refrigeration supply power of all
containers equals the total amount of refrigeration load. Here, we use numbers 1 to
4 to indicate different container types (high, medium, low, extra-low), respectively. Ni
represents the total number of the ith type containers.

QCF = ∑N1
i1=0 Q1

CF + ∑N2
i2=0 Q2

CF + ∑N3
i3=0 Q3

CF + ∑N4
i4=0 Q4

CF (6)
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3.2.2. Constraint for Container Temperature

Equation (7) indicates the temperature balance in the containers, where Tk
in depicts

the actual temperature in the container and Tk
in, set indicates the pre-set temperature in the

container. The permitted temperature error is represented by ∆Tk.∣∣∣Tk
in,set − Tk

in

∣∣∣ ≤ ∆Tk, k ∈ {1, 2, 3, 4} (7)

4. Operations of the Modules
4.1. Day-Ahead Dispatch Module
4.1.1. Emergency Control Strategies

The emergency control algorithm is commonly used in ports to manage the power of
containers if the port does not have an energy management module. More specifically, if
the temperature of the container does not exceed the threshold after arriving at the port,
it is unnecessary to control the power of the container. Otherwise, the temperature of the
container will be maintained at the permissible upper limit. The algorithm flow charts are
shown in Figure 3.
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4.1.2. Day-Ahead Module

Due to varying real-time electricity prices and different daily schedules for container
entry and exit, the cost of the cooling energy for containers can be enormous if there is only
an emergency control being applied. As a result, the DA module is designed to generate a
more reasonable container energy management module to reduce the high electricity costs
caused by the emergency control strategy. The operation flow chart of the DA module is
presented in Figure 4.
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(a) Firstly, the total amount of energy required by all containers is calculated using the
emergency control algorithm (This algorithm will be introduced in the next part). Note that
the day-ahead optimized scheduling algorithm is not used in this step. The specific process
is that the temperature of a container will be checked whether it exceeds the limit when
the container enters the port. No control action will be considered if there is no violation
of the temperature limit. On the contrary, when the container temperature exceeds the
threshold, it will be controlled at the lower boundary to ensure there is no violation of the
temperature limit while consuming the least energy. The emergency control will be applied
before the DA module to obtain the basis of the DA module calculation.

(b) Then, the DA module will re-allocate the total energy demand to different time
slots when the container is still parked in the port based on the forecasted information
in the next time slot. Furthermore, if the energy re-allocation is not carried out, the local
power network may be overloaded for a period due to the uncertainty in the kick-in time
of the containers, which could bring negative impacts to the power network stability. The
detailed optimization strategy is modeled in Equation (8).

J = min ∑M
m=0 ∑N

i=0
(
αm pi

m + γpi
m
)

s.t.
{

∑M
m=0 ∑N

i=0 pi
m = Qi

eme
∑N

i=0 pi
m ≤ pi

l

(8)

where N is the total number of the containers, whilst pi
l . is the maximum allowed power

distribution for reefer containers at time t.
(c) The optimization results of the power control strategy will be fed back to the port

control center to verify whether the container temperature exceeds the limit. Then, the
generated dispatch strategy will be temporarily stored in the control center database for
the use of the ID module.
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4.1.3. Day-Ahead Module for ON/OFF-Control Containers

For containers widely used in the market, there are two temperature control methods:
frequency variation control (FVC) and ON/OFF control (ON/OFF). The biggest difference
between FVC and ON/OFF is the control flexibility. For FVC, its controller can adjust the
output power at any time and can smoothly change within the allowable range. On the
contrary, the ON/OFF controller has only two states: on and off, which means that its
output power has only two states: maximum and minimum. In addition, for the ON/OFF
controller, the allowable switching frequency needs to be considered when generating the
scheduling strategy to ensure long service life. Thus, the ON/OFF control scheme was
proposed in this paper based on the frequency variation control. For containers with a
non-adjustable controller, the rated power is configured considering that the temperature
change in 1 h will not exceed 0.5 ◦C even when the container is not controlled. This
is a reasonable temperature deviation according to engineering practice and thus the
optimization time interval of the braking control strategy is set as 1 h which is consistent
with the frequency variation control. In this way, the hourly frequency variation control
strategy can be mapped to the hourly ON/OFF control. For example, container A works
with a p kw output power between t0 and t1 under the frequency variation control. If the
ON/OFF control is used instead, container A runs at the rated power of 2 p kW between
t0 and t0 + 1/2(t1 − t0). Besides, the power supply will be turned off from t0 + 1/2(t1 −
t0) till t1. The temperature change of the container in the latter half time slot is deemed to
be within a reasonable range. The ON/OFF control strategy derived from the frequency
variation control ensures the economic port operation as well as the robustness and safety
of VFC.

4.2. Intra-Day Module

Considering that during the intra-day optimization, the arrival timeslot of the con-
tainer may deviate from the scheduled one, for instance, an ultra-low temperature refriger-
ated container is scheduled to arrive at t0, but it is reached at t1. Assumed that the control
timeslot is T, then in the time period from t0 + T(t1 − t0), it is necessary to adopt a control
strategy different from the one generated by the DA module. In addition, if there is only
DA control, it may cause peak loads at the time when the electricity price is low, which
will affect the stability of the grid, so further adjustment of the control strategy is required.

This project proposes to use a distributed control strategy to fine-tune the day-ahead
strategy. Assume that the control timeslot for real-time optimization is T. When the delayed
container arrives at the port, the centralized control unit is connected and offers separate
emergency control for it in the first control time slot. Next, the control strategy would be
switched to a day-head control strategy at the beginning of the next control time slot, and
the ID module will check whether the scheduling strategy is in line with the current real
operation information and revise it.

5. Case Study

The proposed demand response method was applied to a case study of a medium
commercial port hosting 1000 reefers. As shown in Table 1, four types of containers
are considered in the case study, including the high-temperature containers, medium-
temperature containers, low-temperature containers, and ultra-low-temperature containers
and the detailed parameters of each type of container are shown in Tables 2 and 3. The
container data (e.g., size, entry time, exit time, and entry temperature) are produced from
computer simulations and are listed in Table 4.
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Table 1. Types of Containers.

Container Type Temperature Range (◦C) Entry Temperature Hourly Temperature Rise under
Ambient Condition 25 ◦C/500 (w/m2)

High Temperature [−1, 1] 0 0.31
Medium Temperature [−6, −4] −5 0.34

Low Temperature [−16, −14] −15 0.37
Ultra-Low-Temperature [−31, −29] −20 0.42

Table 2. Container Parameter.

Size (ft) Surface Area (m2) Thermal Conductivity k (W/m2·K) Heat Capacity cp (kJ/kg·K) Weight(kg)

20 73.56 0.4 [1.71, 4.09] [18,000, 26,000]
40 135.26 0.4 [1.71, 4.09] [18,000, 26,000]

Table 3. Data of Containers.

Container
Number Container Type Size Entry Time Exit Time Entry

Temperature

0 Randomly generated from range (0, 3) 40 feet Random Random Depending on the
container type

1 Randomly generated from range (0, 3) 20 feet Random Random Depending on the
container type

. . . Randomly generated from range (0, 3) 20 feet Random Random Depending on the
container type

200 Randomly generated from range (0, 3) 40 feet Random Random Depending on the
container type

Table 4. Port operating cost comparison.

Control Strategy Daily Operating Cost/m.u. Temperature Limit Violation (Y/N) Cost Saving

Emergency Control 2120.5052 N 0%
DA + ID module 1808.52 N 14.7%

A 24 h simulation period was used in this case study and divided into time intervals
of 15-min duration. Hence, the total port power demand is regulated every 15 min by
the developed hierarchical control system. To evaluate the performance of the proposed
management and control methodology, a case of 200 containers and 850 containers are
used as the testbed, respectively.

5.1. Case of 200 Containers

The first case is the operation scenario with 200 containers with a random arrival
time. Figure 5 compares the temperature change trends inside the container, respectively,
under emergency control and under DA control. Due to the different types of storing
goods, different containers have different internal temperature ranges, so there are multiple
clusters of curves in the figure, and a cluster of curves represents containers with the same
allowable temperature range. Figure 5a is the temperature change under the emergency
control strategy. According to the introduction of the emergency control strategy, the
internal temperature of the container will quickly reach the upper limit of the allowable
range and then remain on the boundary. From the changing trend in the figure, the
temperature rise has a large slope and a high proportion of the horizontal curve. Because
this control method does not consider real-time electricity prices and load conditions, it may
cause a lot of energy costs and increase load demand during the temperature-maintaining
phase (horizontal curve).
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Differently, The DA module will reallocate the total energy demand of each container
based on the emergency control strategy according to electricity prices and load conditions.
From the temperature change curve, the slope is relatively gentle under DA control, which
indicates that the DA module will choose the time period with a lower electricity price to
execute the control signal. This result is in line with the DA logic mentioned above.

To better illustrate the simulation results, Figure 6 depicts the control strategy of the
10 containers generated by the emergency control, including the control signal for 24 h in a
day and when the timeslot is 15 min. Due to the different times of arrival and departure,
the control strategies of different containers are different. But all of them follow the logic
of emergency control: when the container enters the port, no control is applied to the
container. The control will start when the internal temperature exceeds the limit. The
reason for the different scheduling strategies at different times is the outdoor temperature,
which affects the total energy required to maintain the stability of the internal temperature
of the container.

To compare the performance of the proposed DA module, Figure 7 shows the control
strategy of the same container under the control of the DA module. Different from Figure 6,
the control strategy generated by DA is no longer a control strategy that is solely affected
by temperature, but also considers the internal temperature constraints of the container
and real-time electricity prices. Take container 4 as an example, the strategy generated
by the emergency control is to allow its internal temperature to rise until it exceeds the
limit before controlling it. Therefore, it can be seen from Figure 6 that the electrical energy
required to control the container is the highest at noon, and then continues to decrease
as the temperature drops. On the contrary, the control strategy of the DA module is
to reallocate the total electrical energy required to maintain the stability of the internal
temperature of the container according to the electricity price. It can be seen from Figure 7
that due to the abundant solar energy resources and low load levels at noon, the electricity
price is low. As a result, the container compressor is running at full capacity. In certain
periods in the morning and evening, the external grid load level is relatively higher, and
the electricity price is also high, so the refrigeration compressor output is less at this time.
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Figure 8 is the result of aggregating the energy consumed by all containers in all
timeslots. In the legend in Figure 8, flexibility represents emergency control, reallocate
represents the DA module and finetune is the ID module. From the aggregated load
curve, it can be seen that the energy consumption of the port used to control the internal
temperature of the container under emergency has no time-series distribution law, and it
changes completely according to the outdoor temperature change and the time of container
entry. Therefore, this method cannot help the port save energy costs.
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After the DA module is added, the original peak load is distributed to other periods,
and the load will be allocated as far as possible in the period of low electricity prices.
However, this control module will form a peak load which will undermine the stability of
the power grid. Due to the difference between forecast information and real-time operation
information, the ID module is further adjusted based on the control strategy generated
by the DA module to ensure that the container operation does not exceed the limit and
does not exceed the load limit assigned to the port by the external power grid. The result
shows that the ID module helps alleviate the peak load problem and limits the total power
consumption of the port per hour not to exceed 60 kWh successfully.

Table 4 compares the port operating costs between the emergency control and pro-
posed hierarchical control scheme. The DA and ID module takes into consideration the
impact of real-time electricity prices and the total power limit of port containers, which
helps the regulator of the port reduce the operating costs by approximately 14.7% per day
compared to the emergency control. The results prove that the proposed module could
help reduce the energy cost and peak load.

Since there are types that only allow ON/OFF control in the container, we also
observed the ON/OFF control strategy generated by the DA module. Here, still taking
container 4 as an example, it can be seen that at 10 am and 8–9 pm when the electricity
price is highest, the generated control strategy is to turn off the chiller in the containers,
thereby helping to reduce the cost of electricity, as Figure 9 shows. These results prove that
the proposed strategy is also applicable to ON/OFF control.
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5.2. Case of 850 Containers

To evaluate the scalability of the proposed method, we tested our methods on the
condition of 850 containers. Figure 10 presents the total power distribution of 850 containers
within 24 h. In the figure, the load curve under emergency control has not changed with
the fluctuation of the electricity price, and at the same time, it has crossed the load limit
of 200 kWh per hour. After the DA and ID modules are added, the required total load is
allocated to the remaining period under the premise of meeting the container temperature
constraints. In addition, it limits the peak load and helps increase the stability of the grid.
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Table 5 compares the port operating costs between the emergency control and pro-
posed hierarchical control scheme. The DA and ID modules consider the impact of real-time
electricity prices and the total power limit of port containers, which help the regulator
of the port to reduce the operating costs by approximately 400 m.u. (normalized value)
and 18% compared to the emergency control each day. Compared with the scenario of 200
containers, the larger the container capacity of the port, the more significant the energy
costs that can be saved. This proves the scalability of the proposed method.

Table 5. Port operating cost comparison.

Control Strategy Daily Operating
Cost/m.u.

Temperature Limit
Violation (Y/N) Cost Saving

Emergency Control 8081 N 0%
DA + ID module 6605 N 18%

6. Conclusions

In this paper, a hierarchical container-load management system employing the con-
tainer temperature limitation and effective reduction of operation costs is proposed for
large port electric systems. At the same time, the total operation load constraints were
satisfied by the proposed control system. The hierarchical structure of the proposed sys-
tem, the objectives of each module, and the way they interact to achieve their goals were
presented in detail. The efficiency of the proposed method was evaluated by the case study
of 200 containers and 850 containers, and the proposed hierarchical system can effectively
save the operating costs of the containers while changing the distribution of energy. In
the case of 200 containers, the proposed method helps reduce operating costs by about
14.7%, and 18% in the scenario of 850 containers. Meanwhile, this method ensures that the
internal temperature of the container does not exceed the limit. Moreover, the proposed
structure helps alleviate the peak load problem. In future research, we think more factors
could be taken into consideration for the port electric system management, such as other
dispatchable power loads of the port, renewable energy, and greenhouse gas emission
indicators, etc. Together, these could be combined to form a complete energy management
system for the port electric system.
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