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ABSTRACT
Port terminals, especially their reefer container yards, face surging power demands. Efficient reefer
charging is critical for port sustainability and efficiency, as it helps reduce peak energy loads and
total energy consumption. This requires consideration of reefer characteristics, temperature con-
trol requirements, time-variant energy prices, port power distribution network and environmental
factors such as ambient temperature and sunlight. Optimising the charging power and internal
temperature of reefers is therefore essential. This study introduces mathematical models to opti-
mise two efficient charging schemes for reefers: flexible power charging and on/off power charging.
Internet-of-Things (IoT) technologies can enable tailored optimisation strategies for reefer charging
by facilitating information sharing among reefers and the charging planning system. This study also
proposes a cyber-physical system for IoT that allows these charging schemes to be implemented.
Using data from existing ports, the results demonstrate that the optimised reefer charging plan sig-
nificantly reduces energy costs and alleviates peak energy consumption, consistently outperforming
the baseline policy. In the optimised plan, charging periods are slightly adjusted based on energy
price in each period as part of a demand response strategy, and intermittent charging is actively
used for peak energy shaving. The study also quantifies the positive impact of roof shade installation.
Findings provide actionable insights for refrigerated goods.
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1. Introduction

Refrigerated goods are important energy consumers in
warehouse and cold chain operations. Container termi-
nals, whether seaport or inland port, serve as critical
transportation hubs with significantly increased electric-
ity demand due to electrification initiatives. The refriger-
ated or reefer container yard is a major power consumer
in ports, accounting for 50% of total energy consump-
tion in many ports (Iris and Lam 2019). Port yards tem-
porarily store refrigerated containers for import, export,
or transshipment, ensuring that each reefer container
maintains the required temperature range through reg-
ular charging. When a large number of reefer contain-
ers are charged simultaneously, it can lead to peaks
in energy consumption. These peaks put significant
stress on the port’s power substations and grid con-
nections, resulting in higher electricity costs, as energy
charges are partly based on peak power consump-
tion. Moreover, total energy consumption is influenced
by charging power decisions in each time period. An

CONTACT Çağatay Iris c.iris@liverpool.ac.uk University of Liverpool Management School, Liverpool L69 7ZH, UK

efficient charging plan can help reduce total energy
consumption, peak energy consumption, and associated
costs.

A large number of ports progressively move towards
fully electrified operations, moving away from fossil fuel-
dependent energy sources. This transition significantly
increases the demand for electricity and results in higher
peak power loads. Effective peak power shaving and
energy demand response policies (i.e. adjusting power
demand considering unit electricity price) are therefore
essential to prevent excessive power consumption, reduce
costs and alleviate pressure on the power distribution
infrastructure. Reefers offer a unique opportunity for
optimised energy management. Ports such as PSA Inter-
national and Hongkong International Terminals have
introduced reefer monitoring and control systems for
similar purposes (Port Technology International 2021;
PSA International n.d). These systems enable remote
monitoring and control of temperature, humidity, and
power management in refrigerated containers through
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two-way data communication and automated decision-
making. This approach is a crucial step toward develop-
ing more efficient, sustainable, and digital ports.

The optimisation of charging power and charging
duration for each reefer faces various challenges. First,
container terminals handle many reefers, each storing
specific products with unique requirements such as tem-
perature range. Second, the dynamic arrivals and depar-
tures of reefers at the terminal yard complicates the
intermittent charging and demand response strategies.
Third, unit electric power purchasing cost fluctuates
on an hourly basis, leading to significant variations in
the cost of charging throughout the day. The costs of
peak energy consumption also affect the total amount
of energy charged. Fourth, the existing power distribu-
tion network and grid connection specifications in a port
limits power charging capacity in a specific way in each
time period. Lastly, environmental and weather condi-
tions in each time period greatly affect both the internal
temperature of reefers and charging requirements. Fac-
tors such as ambient temperature, the availability of yard
roof shade and the sunlight exposure influence the cool-
ing and heating requirements of reefers. Charging and
temperature management decisions must consider all of
these factors, in addition to the energy costing structure,
to obtain optimal decisions in each time unit.

The reefer containers management is studied in a
limited number of works in the cold chain and port
domain and the existing studies do not focus on optimis-
ing energy-efficient charging and temperature manage-
ment of each reefer container (Iris and Lam 2019). Our
problem determines the charging power and the internal
temperature of each reefer in each time period. A port
terminal makes these decisions for a planning horizon
(e.g. spanning several days) using discretised time units
(e.g. hourly planning, 15-minute planning), taking into
account various factors such as reefer container arrival
and departure times, reefer temperature requirements,
power distribution network characteristics, ambient con-
ditions, energy prices, etc.

Aiming at energy-efficient charging for reefer con-
tainers, this paper proposes two smart charging plan-
ning methods for reefers under energy demand response
and peak shaving: flexible power charging (FPC) and
on/off fixed power charging (ON/OFF). In the FPC
method, the charging power delivered (decision variable)
can take any value within a specific range in each time
period. Whereas, the ON/OFF charging method only
allows the power to be either ON or OFF, with fixed
power values (maximum (ON) or minimum (OFF)) for
each mode in each time period. The objective function
comprises energy-related costs, which include both the
peak energy consumption in the entire planning horizon

(i.e. peak cost) and the total energy consumption for
each time period (i.e. total hourly energy consumption
cost).

The aforementioned charging schemes are enabled by
a Cyber-Physical System (CPS), in which sensors detect
the condition of reefer containers and actuators enforce
optimised charging policies. This system provides the
technical network framework and utilises an Internet
of Things (IoT) infrastructure. The charging optimisa-
tion and temperature control mechanism requires each
reefer to have seamless communicationwith other reefers
and with the charging sockets, forming a bi-directional
interconnected network. IoT facilitates the integration of
cloud services into CPS without requiring human inter-
vention, forming a dynamic global network of intercon-
nected reefers with self-configuring capabilities.

The main contributions are summarised as follows:

• To the best of our knowledge, this is the first work that
presents optimisation models to obtain multi-period
charging and temperature management decisions for
all reefers in a container yard considering different
charging methods (flexible power charging and on/off
fixed power charging), energy prices (peak prices and
time-variant consumption prices), port power dis-
tribution network properties, container details and
environmental factors.

• This study proposes novel charging policies that lever-
age technological advancements in CPS for IoT appli-
cations to facilitate energy peak load shaving and
demand response at reefer yards. These systems trans-
form traditional reefers into intelligent systems capa-
ble of remote monitoring and automated power man-
agement.

• Our results suggest charging in time periods with
lower energy prices, effectively shifting mid-day
charging to off-peak hours for demand response
(e.g. early-day cooling), while intermittent charging is
applied for peak shaving when there are many reefer
containers in the yard. Our research also informs port
operators about peak power thresholds, which can be
incorporated into electricity supplier contracts.

• Findings deliver substantial cost savings and carbon
emission reductions through smart power charging
and advanced control of FPC and ON/OFF charging
schemes, revealing FPC as the better approach. The
impact of roof shade cover in the yard is quantified for
the first time and the positive impact is shown.

In the subsequent section, we review the state-of-the-
art of the literature relevant to our study. In Section 3, the
formal problem definition and details of problem specifi-
cations are presented. Section 4 introduces mathematical
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models for each smart charging and temperature man-
agement method. The case study (instances) and numer-
ical results for the instances are presented in Section 5,
along with extensive sensitivity analyses and manage-
rial insights. The final section concludes the study and
discusses future research directions.

2. Literature review

Electrified port equipment and electrified port areas
–including cranes, yard vehicles, stacking equipment,
reefer racks, and buildings – have led to a surge in port
electricity demand. Previous studies confirm that port
operations planning can significantly reduce both peak
energy costs and total energy consumption costs, primar-
ily due to scheduling flexibility. Energy-aware operations
planning is crucial for logistics facilities and manufac-
turing (Prabhu, Trentesaux, and Taisch 2015). Geerlings,
Heij, and vanDuin (2018) apply peak shaving concepts to
electrified quay crane (QC) operations, limiting the num-
ber of cranes lifting containers simultaneously. This oper-
ations planning approach prevents excessive simultane-
ous crane operation, significantly reducing peak energy
costs while only slightly decreasing QC handling rates.
A 50% reduction in the number of lifting QCs leads
to a roughly 40% decrease in peak energy costs. Tang
et al. (2020) present a simulation method to assess the
impact of two peak shaving policies on the handling rates
of QCs and yard trucks (YTs). Their results indicate that
synchronising QC and YT operations leads to a reduc-
tion in peak energy consumption. Alasali, Haben, and
Holderbaum (2019) validate the use of an energy stor-
age system (ESS) integrated into an electrified yard crane
(YC). They address the resulting optimal power flow
problemusing a stochastic control algorithm tominimise
idle electrical energy consumption.

Some studies have integrated reefer container yards
into the energy management systems of ports. Iris and
Lam (2021) present the first port microgrid study that
integrates berth, QC, and YC assignments with energy
flow decisions to reduce energy costs. Their results
highlight the positive contribution of energy demand
response in portmicrogrids.Mao et al. (2022) propose an
integrated flexible resource scheduling model that con-
siders berth allocation for cruise ships. In addition to
power flows, their study incorporates heat and cooling
flows as part of a multi-energy system. However, both
Iris and Lam (2021) and Mao et al. (2022) only estimate
average energy consumption in the reefer yard. They
lack reliable control and decision-making at the indi-
vidual reefer level and do not optimise detailed reefer
charging decisions. In these studies, the reefer container
yard is modelled as a single entity with a total energy

demand within the energy system. Xiong et al. (2024)
treat the energy consumption of refrigerated warehouses
as a low-priority load to optimise energy supply planning.
Sarantakos et al. (2024) present an optimal operation and
power management framework for an electrified port,
integrating the planning of cranes, port vehicles, reefer
parks, and energy storage. However, none of these stud-
ies optimise reefer charging, temperature regulation, or
energy management at the individual container level,
considering different reefer temperature requirements
and ambient conditions, as addressed in this work.

There are studies to estimate the power demand of
individual reefer containers using analytical and simu-
lation techniques. Although these studies do not opti-
mise the power charging of reefer containers, they inform
about the approximated power demand of reefer con-
tainers. Shinoda, Budiyanto, and Sugimura (2022) and
Budiyanto et al. (2018) factor in solar radiation and
heat conduction on container walls, devising a finite-
volume method to calculate reefer power requirements
with and without roof shades. Budiyanto, Nasruddin,
and Zhafari (2019) predict reefer power consumption by
modelling heat transfer processes and heat load. These
studies primarily inform about individual reefer power
consumption while accounting for solar radiation effects.

Terminal operators have to ensure that the internal
temperature of each reefer container is kept in a cargo-
specific range. Some studies focus on the temperature and
energy management problem of reefers at the yard. van
Duin et al. (2018) provide two methods, an intermittent
charging approach and a peak-restriction-based charging
approach. In intermittent charging, they set charging for
each set of containers (rack) for 5 and 15minutes. For the
peak-restriction basedmethod, they charge until the low-
est allowed inside temperature is reached. The authors
conclude that these approaches have significant opportu-
nities for reefers at the yard, with the aimof reducing peak
power demand and total cargo loss rates. Nel, Goedhals-
Gerber, and van Dyk (2024) compare the efficacy of two
technologies fitted inside reefer containers to improve
airflow for table grape shipments. Finally, Moros-Daza
et al. (2024) suggest underground storage space for reefer
storage and the suggested warehousing system reduces
solar radiation and ambient temperature for reefer con-
tainers. Results show significant cost savings for reefer
power charging, though significant investment might be
required for the suggested system.

The charging planning of electric vehicles (EVs) shares
several similarities with that of refrigerated containers,
particularly in optimising power delivery and manage-
ment. Key advancements include smart charging algo-
rithms, control strategies, and vehicle-to-grid (V2G) con-
tract design. Lu et al. (2023) review the role of EVs in
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seaports, highlighting opportunities for optimising EV
charging in these environments. Charging optimisation
has received significant attention in road transport (Wang
and Chen 2024; Zhang, Zhao, and Hu 2023). Said and
Mouftah (2017) present a peak load management tech-
nique and a guidance algorithm that coordinates EV
charging and discharging to mitigate the negative impact
of EV penetration on existing power networks. Aloqaily
et al. (2016) propose a flexible charging and discharging
algorithm to manage peak-time power demand effec-
tively. EV batteries can serve as backup energy storage,
shifting power usage from off-peak to on-peak periods.
Alghamdi, Said, and Mouftah (2021) introduce a profit-
maximisation model for EV charging and discharging,
accounting for electricity price variations throughout the
day. Jiao et al. (2022) design a revenue-sharing contract
for V2G power dispatching to coordinate multi-party
interests in the power supply chain and enhance V2G
service adoption.

Furthermore, many researchers study the future role
of Machine Learning (ML), Artificial Intelligence (AI),
IoT, and blockchain in power management. The devel-
opment of these technologies is crucial to address
the challenges in charging load prediction, decision-
making, real-time data transfer and cybersecurity. Sarda
et al. (2024) provide a review on the impact and chal-
lenges of EVs on the power grids, including increased
electricity demand, potential risks to grid quality and
safety, and higher power losses. They also discuss AI-
driven algorithms for dynamic pricing and charging
load prediction, decision-making. Said et al. (2024) and
Said (2023) discuss the challenges, solutions, and oppor-
tunities associated with demand response, and highlight
the critical role of IoT, ML, and blockchain technologies
in addressing key cybersecurity and information flow
issues. Munusamy and Vairavasundaram (2024) provide
a comprehensive review of energy trading and security
using blockchain, while also exploring the potential of AI
and ML algorithms to enhance sustainable energy man-
agement and grid resilience. Khabbouchi et al. (2023)
introduce a novel Energy Management Protocol (EMP)
that combines ML and game-theoretic algorithms to effi-
ciently manage the charging and discharging processes
of EVs, particularly addressing wind power variability.
Charpentier et al. (2024) point out that the emergence
of 5G offers data rates of up to 20Gbps, latencies as
low as 5milliseconds (ms) and exceptional reliability.
These advancements present a significant opportunity
for innovation in the maritime sector, enabling smarter,
safer operations and seamless real-time information
flow.

3. Problem description

We consider a port reefer yard where a total of I reefer
containers arrive and depart during a planning horizon of
T discrete time periods. The planning horizon is divided
into time intervals, with �Th and �Ts representing the
time interval length in hours and in seconds, respectively.
Each reefer container i has a minimum required power
charging amount (Pmin

i ) and a maximum allowed power
charging amount (Pmax

i ) for each time period, along with
its expected arrival time into yard (ETAi) and expected
departure time from the yard (ETDi). Each container has
an initial internal temperature (Uini

i ), a permissible min-
imum internal temperature (Umin

i ) for each time period,
a permissible maximum internal temperature (Umax

i ) for
each time period, a surface (wall) area (Ai), a thermal
insulation factor (Ki), themass (Mi), and the specific heat
capacity of the cargo stored inside the reefer (Ji).

The problem involves determining the amount of
power to charge into each reefer and the internal temper-
ature of each reefer at each time step. The charging power
decisions determine the charging current in cables con-
nected to every single device in the power distribution
network in the port. Additionally, charging power deci-
sions determine peak power consumption. The objective
is to minimise total energy costs (i.e. the total energy
consumption cost and peak energy consumption cost)
by reducing electricity consumption through demand
response and peak power shaving.

3.1. A cyber-physical system for IoT application for
reefer charging

An intelligent reefer container, known as smart reefer,
is equipped with advanced technologies such as micro-
processors, sensors, communication devices, and auto-
mated controllers. These devices enable real-time infor-
mation flow and allow remote control of power charging
to the reefer. Current smart reefer applications are lim-
ited to remote data monitoring and visualisation, lacking
involvement in energy management.

In traditional reefer yards, port operators manually
check and record container temperatures every 4 hours,
significantly straining human resources. Our proposed
charging optimisation approach determines the power
charging and temperature settings of all reefer contain-
ers while minimising costs and adhering to constraints.
It ensures ideal conditions at discretised 15-minute inter-
vals – an impractical frequency for manual intervention.
Automating the charging process is therefore essential to
enhance efficiency, enable real-time control, and reduce
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Figure 1. Cyber-physical system and IoT of smart reefer yards (Source: Authors).

human resource demands. The integration of CPS and
IoT technologies addresses this challenge by enabling
signal transmission from the charging planning system,
automating power adjustments in real time, and improv-
ing operational efficiency. Thus, we propose a CPS and
IoT framework for reefer charging based on the remote
reefer monitoring and control, as shown in Figure 1.

In Figure 1, the top layer represents the reefer charging
planning platform, which serves as the decision-making
layer of the cyber-physical system (CPS). Reefer charging
planning determines the charging power and tempera-
ture for each reefer based on operational requirements.
Experimental results in this work (Section 5.2) are based
on the top layer of Figure 1. The suggested charging poli-
cies can be implemented with remote monitoring and
control, enabled by other system layers. The middle layer
comprises cloud services, which act as intermediaries for
(real-time) data management, storage, and control. The
bottom layer functions as the execution and data collec-
tion layer which includes the power distribution system,
communication systems, sensors, controllers and reefers.

The reefer charging platform (top layer) communi-
cateswith the cloud service layer (middle layer) viaAppli-
cation Programming Interfaces (APIs), ensuring efficient

data transfer and command execution. The IoT plays
a vital role in this system, connecting data from phys-
ical devices (reefer sensors and equipment) to reefer
charging planning models in the digital space. It enables
seamless cloud service integration into the CPS with-
out human intervention and facilitates communication
between reefers.

The cloud service layer (middle layer) manages the
storage and processing of large data volumes using com-
munication protocols such as MQTT and AMQP. It
also ensures reliable, low-latency data transmission via
advanced wireless technologies like LoRa and 5G, facil-
itating real-time adjustments in the reefer park (bottom
layer). Programmable Logic Controller (PLC) systems, in
the bottom layer, receive power control commands from
the reefer charging planning platform through cloud ser-
vices and the charging physically executes. The bottom
layer collects reefer data (temperature, humidity, etc.) and
inform upper layers, enabling two-way remote monitor-
ing and control. The power distribution network at a port
follows a structured design. Each reefer connects to a
charging socket, a batch of sockets links to a distribution
box, and multiple distribution boxes connect to a box-
type transformer. These components ultimately connect
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Figure 2. Examples of reefer charging solution (For notations refer to Table 1). (a) ON/OFF reefers and (b) FPC reefers.

to a transformer substation box (see, e.g. Figure 3), allow-
ing for different voltage levels across the system.

3.2. Reefer charging planning: charging and
temperature optimisation problem

The problem decides on power charging amount (pi,t)
for each reefer in each time unit in the FPC case, and
power charging states (ON or OFF, represented as xi,t)
in ON/OFF case. It also optimises the internal temper-
ature of each reefer in each time unit (ui,t) as a function
of the internal temperature of the previous period, charg-
ing amount in that period, and environmental factors in
that period.

The charging decisions determine the power and cur-
rent flow in the distribution box, the box type trans-
former and the transformer substation bus since the volt-
age is an input parameter for each device in the power
distribution network. The charging decisions also deter-
mine the total energy consumption in each period and
the peak power (ppeak) in the entire planning horizon.
These decisions are transmitted to smart reefers via CPS
and IoT framework.

The objective function consists of two main costs,
namely total energy consumption cost (depending on
time-variant unit energy consumption cost) and the peak
energy consumption cost. The energy consumption cost
for a given period t is calculated by multiplying the
power consumption by the unit power purchasing price
(Ce

t ) for this period. The total energy consumption cost
over the entire planning horizon is the sum of energy

consumption costs for all periods. For the peak consump-
tion cost, three different methods are considered:

Costing based on peak consumption value: In this
method, the port is charged based on the peak consump-
tion (ppeak) multiplied by the peak price (Cp1).

Costing based on both peak consumption value and
excess charging beyond the peak consumption threshold:
In this method, the grid (power supplier) sets a peak
threshold value (Pthr) in advance in the contract. The port
is charg ed on two peak related costs. The peak power
exceeding the threshold is charged at Cp3, while peak
power below the threshold is charged at the normal peak
price (Cp2).

Costing based on only excess charging beyond the peak
consumption threshold: In this method, the grid (power
supplier) sets a peak threshold value (Pthr) in advance,
as specified in the contract. The port is charged only for
peak power consumption exceeding the peak threshold
at the peak excess price (Cp4).

In the reefer charging and temperature optimisation
problem, we focus on optimal charging planning for
demand response and peak shaving based on two charg-
ing policies. An example solution in the form of a time-
power diagram is shown in Figure 2. In Figure 2, the x-
axis represents discretised time, the upper y-axis presents
the indexes of the reefer containers, and the lower y-
axis shows the total power consumption in each period.
Each reefer is represented by a rectangle, with its left
edge showing the arrival, its right edge showing depar-
ture times, and its filling as the charging state. The x-axis
marks the arrival time (ETAi) and departure time (ETDi)
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for each reefer. Within the rectangle, each small square
represents the charging state of the reefer at each time
unit. For ON/OFF charging scheme in Figure 2(a), the
charging state is determined by a binary variable (xi,t) in
Figure 2(a). For a reefer in the yard, if the reefer i is in ON
mode during a period (xi,t = 1), it receives themaximum
charging power (Pmax

i ), otherwise it receives the mini-
mum charging power (Pmin

i ). Power is not provided if the
reefer is not stored in the yard. For FPC charging scheme,
the problem determines the charging power value (pi,t)
within the power range in Figure 2(b).

In sub Figure 2(a,b), the total power consumption in
the yard at each time unit is represented as column graphs
below the horizontal axis. The maximum power con-
sumption over the entire planning horizon is the peak
power consumption (ppeak), for which fees are charged
by the grid operator. Each reefer has an upper and lower
limit of its internal temperature. The problem aims to
determine the power charging amount of each reefer in
such a way that reduces peak costs and time-varying
energy costs, while keeping the inside temperaturewithin
the permissible range under environmental considera-
tions and obeying the capacity constraints of the energy
infrastructure.

To compare efficiency of our optimisation framework,
we present base case policy, commonly used in ports.

Base Case Policy:When the internal temperature of the
reefer is within the allowed range of the set temperature,
auxiliary power is used. Once the internal temperature
of the reefer reaches upper temperature bound, charg-
ing power is used to cool the reefer down until it reaches
lower temperature bound.

4. Mathematical models

In this section, we describe six mathematical models for
ON/OFF and FPC type charging considering three peak
costing schemes. The notations for sets, parameters and
variables can be found in Table 1.

4.1. ON/OFF charging scheme

Wepropose amixed-integer linear programming (MILP)
model for ON/OFF reefers charging scheme. The deci-
sion variable for charging in ON/OFF case is a binary
variable xi,t that determines the ON orOFFmode of each
reefer in each time period. The objective function con-
sists of the energy consumption costs and the peak energy
costs. The last term in each objective function min-
imises total energy consumption cost (

∑
t∈T Ce

t�Thψt)
for demand response management with time-variant

Table 1. Notation for sets, parameters and variables.

Sets
T Set of time periods, t ∈ T =

{0, 1, 2, . . . , T}
I Set of reefers that arrive at yard

over the entire planning period,
i ∈ I = {1, 2, . . . , I}

Id Set of reefers that charged at the distri-
bution box d, Id ⊂ I

Id,t Set of reefers that are at the yard in
time period t and are charged at the
distribution box d

D Set of all distribution boxes, d ∈ D =
{1, 2, . . . ,D}

Db Set of distribution box that connected
with the reefer box type transformer b,
Db ⊂ D

B Set of reefer box type transformers, b ∈
B = {1, 2, . . . , B}

Parameters
Cet SGD/kWh Utility grid electricity purchasing price

in time period t
Cp1 SGD/kW Peak price for costing based on peak

consumption value
Cp2 SGD/kW Peak price for costing based on both

peak consumption value and excess
charging beyond the peak consump-
tion threshold

Cp3 SGD/kW Peak price for exceeding peak thresh-
old in costing based on both peak con-
sumption value and excess charging
beyond the peak consumption thresh-
old

Cp4 SGD/kW Peak price for costing based on only
excess charging beyond the peak con-
sumption threshold

�Th h time interval, time unit is hours, e.g. if
time interval is 15min,�Th = 0.25

�Ts s time interval, time unit is seconds, e.g.
if time interval is 15min,�Ts = 900

Pmin
i kW Theminimum power for reefer i, gener-

ally equal to auxiliary power
Pmax
i kW The maximum power for reefer i
Pthr kW The threshold value of peak power
ETAi The expected arrival time of reefer i at

yard
ETDi The expected departure time of reefer i

from yard
Uinii

◦C The initial temperature of reefer i when
arriving at yard

Umin
i

◦C The allowed minimum temperature of
reefer i

Umax
i

◦C The allowed maximum temperature of
reefer i

Uambt
◦C The ambient temperature in time

period t
St The sun intensity in time period t
ξ The heating compensation coefficient
Ai m2 The surface area of reefer i
Ki W/m2·◦C The thermal insulation of reefer i
Mi kg The mass of cargo in reefer i
Ji J/kg·◦C The specific heat of cargo in reefer i
cosφ Power to current conversion factor for

voltage, which generally is 0.8
Vi , Vd , Vb V The voltage of reefer i, distribution box

d and reefer box type transformer b
lmax
i , lmax

d , lmax
b A Themaximum current of the cable con-

nected with reefer i, distribution box d
and reefer box type transformer b

(continued).
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Table 1. Continued.

qmax
d , gmax

b ,ψmax kW The maximum power capacity of dis-
tribution box d, reefer box type trans-
former b and the transformer substa-
tion bus, respectively

Decision variables for On/off reefers scheme
xi,t ∈ B binary, thedecision variable forON/OFF

reefer: 1 if reefer i in time period t is ON
mode, 0 otherwise

Decision variables for FPC reefers scheme
pi,t ∈ R

+ kW continuous, for FPC reefers: the charg-
ing power amount for reefer i in time
period t

Decision variables for both schemes
ppeak ∈ R

+ kW continuous, the peak power consump-
tion at reefer yard in the planning hori-
zon

ui,t ∈ R
◦C continuous, the internal temperature of

reefer i in time period t
qd,t , gb,t ,ψt ∈ R

+ kW continuous, the power of distribution
boxd, reefer box type transformerb and
the transformer substation bus, in time
period t

li,t , ld,t , lb,t ∈ R
+ A continuous, the charging current con-

nected with reefer i, distribution box b
and reefer box type transformer d, in
time period t

energy prices. The other terms of the objective func-
tions (1)–(3)minimise peak energy cost in three different
peak costing approaches. The mathematical models are
presented below.

The objective function for peak power costing based
on peak consumption value and total energy consump-
tion is:

min ppeakCp1 +
∑
t∈T

Ce
t�Thψt (1)

The objective function for peak power costing based
on both peak consumption value and excess charging
beyond the peak threshold, and total energy consump-
tion is:

minCp2ppeak + Cp3(ppeak − Pthr)+ +
∑
t∈T

Ce
t�Thψt

(2)
The objective function for peak power costing based on
only excess charging beyond peak threshold, and total
energy consumption is:

minCp4(ppeak − Pthr)+ +
∑
t∈T

Ce
t�Thψt (3)

subject to:

ui,ETAi = Uini
i , ∀ i ∈ I (4)

Umin
i ≤ ui,t ≤ Umax

i ,

∀ i ∈ I, ∀ t ∈ T : ETAi < t ≤ ETDi (5)

ui,t = ui,t−1 + (Uamb
t − ui,t−1)

(
1 − e

−ξAiKi(1+St)�Ts
MiJi

)

− xi,tPmax
i �Ts

MiJi
, ∀ i ∈ I, ∀ t ∈ T\{0} :

ETAi < t ≤ ETDi (6)

qd,t =
∑
i∈Id,t

(xi,tPmax
i + (1 − xi,t)Pmin

i ),

∀ d ∈ D, ∀ t ∈ T (7)

gb,t =
∑
d∈Db

qd,t , ∀ b ∈ B, ∀ t ∈ T (8)

ψt =
∑
b∈B

gb,t , ∀ t ∈ T (9)

qd,t ≤ qmax
d , ∀ d ∈ D, ∀ t ∈ T (10)

gb,t ≤ gmax
b , ∀ b ∈ B, ∀ t ∈ T (11)

ψt ≤ ψmax, ∀ t ∈ T (12)

ppeak ≥ ψt , ∀ t ∈ T (13)

li,t = pi,t√
3 cosφVi

≤ lmax
i ,

∀ i ∈ Id, ∀ d ∈ D, ∀ t ∈ T (14)

ld,t = qd,t√
3 cosφVd

≤ lmax
d , ∀ d ∈ D, ∀ t ∈ T (15)

lb,t = gb,t√
3 cosφVb

≤ lmax
b , ∀ b ∈ B, ∀ t ∈ T (16)

xi,t = 0, ∀ i ∈ I, ∀ t ∈ T : t > ETDi‖t ≤ ETAi (17)

xi,t ∈ {0, 1}, ∀ i ∈ I, ∀ t ∈ T (18)

ui,t ∈ R, ∀ i ∈ I, ∀ t ∈ T (19)

ppeak ≥ 0 (20)

li,t ≥ 0, ld,t ≥ 0, lb,t ≥ 0,

∀ i ∈ I, ∀ d ∈ D, ∀ b ∈ B, ∀ t ∈ T (21)

qd,t ≥ 0, gb,t ≥ 0,ψt ≥ 0,

∀ d ∈ D, ∀ b ∈ B, ∀ t ∈ T (22)

The model is subject to the following set of constraints.
Constraints (4)–(6) are related to the temperature man-
agement of reefers. Constraint (4) sets the temperature
of the reefer upon arrival as its initial temperature. Con-
straint (5) ensures that the temperature of each reefer
remains within the permissible range in each time period
when it is at the yard. Constraint (6) describes the rela-
tionship between temperatures in two consecutive peri-
ods and calculates the inside temperature for each period,
as referenced in van Duin et al. (2018). The inside tem-
perature in a given period is determined by adding the
temperature change during that period to the temper-
ature of the previous period. The temperature change,
represented by the second term on the right-hand side
of constraint (6), depends on several factors, such as the
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surface area of reefer, the thermal insulation of reefer, the
mass and heat of the cargo in reefer, as well as the ambient
temperature and the sun intensity during the period. This
term is used to calculate the temperature change in the
absence of power supply. The last term on the right-hand
side is used to calculate the temperature decrease when
cooling power (Pmax

i ) is supplied. A similar constraint
to (6) for period 0, using Uini

i instead of ui,t−1, is also
included. Constraints (7)–(16) are related to the power
and current limits of power distribution network at reefer
yard, as shown in Figure 3. To maintain the system’s sta-
bility, each distribution box and transformer is designed
with capacity limits to prevent any component from
being overloaded. This ensures that the entire power dis-
tribution network operates within safe parameters, pro-
viding a reliable power source for the reefers at the termi-
nal. Constraint (7) calculates the power consumption of
reefers connected with distribution box b in each period.
If it is inONmode, it gets power of Pmax

i . If a reefer stored
in the yard is in OFF mode, charging power is the value
of Pmin

i . Constraint (8) calculates the power of each reefer
box type transformer. Constraint (9) calculates the power
of the transformer substation, representing the total
power for the entire reefer yard. Constraints (10)–(12)
ensure that power usage does not exceed the capac-
ity of the power network infrastructure at port. Con-
straint (13) sets the maximum total power supplied by
the transformer substation over the entire planning hori-
zon as the peak power. Constraints (14)–(16) ensure
that the current flowing through each device does not
exceed its capacity. The standard power law formu-
las (Power = Voltage∗Current) are used for current-
voltage-power conversion in (14)–(16), assuming that the
voltage is a parameter. Constraint (17) indicates that, a
reefer will be in OFF mode during periods when a reefer
is not stored in the yard. Constraints (18)–(22) set the
domains of decision variables.

4.2. Flexible power charging scheme

Wepropose a linear programming (LP)model for flexible
power reefers charging scheme. The decision variable pi,t
in flexible power charging scheme is continuous and it
determines the cooling power delivered to each reefer in
each time period. The three different objectives of flexible
power charging scheme are presented below.

The objective function for peak power costing based
on peak consumption value and total energy consump-
tion is:

min ppeakCp1 +
∑
t∈T

Ce
t�Thψt (23)

The objective function for peak power costing based
on both peak consumption value and excess charging
beyond peak threshold and total energy consumption is:

minCp2ppeak + Cp3(ppeak − Pthr)+ +
∑
t∈T

Ce
t�Thψt

(24)
The objective function for peak power costing based on
only excess charging beyond peak threshold and total
energy consumption is:

minCp4(ppeak − Pthr)+ +
∑
t∈T

Ce
t�Thψt (25)

subject to:

(4)−−(5), (8)−−(16), (19)−−(22)

ui,t = ui,t−1 + (Uamb
t − ui,t−1)

(
1 − e

−ξAiKi(1+St)�Ts
MiJi

)

− pi,t�Ts

MiJi
,∀ i ∈ I, ∀ t ∈ T\{0} :

ETAi < t ≤ ETDi (26)

Pmin
i ≤ pi,t ≤ Pmax

i ,

∀ i ∈ I, ∀ t ∈ T : ETAi < t ≤ ETDi (27)

pi,t = 0, ∀ i ∈ I, ∀ t ∈ T : t > ETDi‖t ≤ ETAi (28)

qd,t =
∑
i∈Id,t

pi,t , ∀ d ∈ D, ∀ t ∈ T (29)

pi,t ≥ 0, ∀ i ∈ I, ∀ t ∈ T (30)

The model inherits constraints (4)–(5) that manage tem-
perature properties, constraints (8)–(16) that restrict
the power and current in grid distribution network
at reefer yard, and constraints (19)–(22) that set the
domain of decision variables. Constraint (26) links tem-
perature decisions to power decisions, similar to con-
straint (6). Constraint (27) guarantees that the charg-
ing power remains within the permissible range. Con-
straint (28) indicates that the power is not delivered to
a reefer in a period in which it is not stored in the yard.
Constraint (29) determines the reefer power supplied by
each distribution box. Constraint (30) sets the domain of
continuous power decisions.

5. Case studies and numerical results

This section explains a series of experimental case stud-
ies based on a real-world port data. The mathematical
models are solved using the IBM CPLEX 12.10 with a
default configuration on a computerwith a 2.50GHz pro-
cessor and 16GB of RAM. Detailed parameters for the
case studies are provided and the numerical results are
discussed.



10 G. TANG ET AL.

Figure 3. Power distribution network infrastructure at the reefer yard.

5.1. Instance generation and experimental settings

This section outlines the details of instances including,
the number of reefer containers, the reefer yard config-
urations, attributes of the reefers, the power distribution
network, the ambient temperature, the sun intensity and
energy price.

5.1.1. Power distribution network at reefer yard
Figure 3 shows the power distribution network in the
reefer yard at a real-world container terminal. It is
designed to efficiently and safely deliver electricity to
reefers, ensuring that each container receives the required
power. The network has a substation that distributes
power through four box transformers. These four box
transformers step down the 10 kV high-voltage power
(from the substation) to 380V, which is the voltage used
by the reefers. Each transformer is connected to 15 dis-
tribution boxes, which in turn provide power to up to
15 sockets, and each socket serves a single reefer. Each
charging socket, distribution box, box transformer, cable,
and miniature circuit breaker has specific power and
current capacity limits.

5.1.2. Port data and experimental settings
We use realistic port data to generate our instances.
The average daily reefer throughput in different con-
tainer terminals at the Port of Rotterdam is roughly
between 100 TEU and 1100 TEU. The number of reefer
plugs at container terminals in the Port of Rotterdam

ranges between 40 and 3600 (International Institute of
Refrigeration 2022; Port Of Rotterdam 2021). In the
Port of Antwerp, the average daily reefer throughput
is roughly between 300 TEU and 1000 TEU in different
terminals (Port of Antwerp n.d).

Thus, we generated four families of random instances
(S1–S4: 100, 250, 500, and 1000 reefers) to represent dif-
ferent levels of reefer container throughput over a single
day. These instances are randomly generated and repre-
sent a range of typical real-world terminal sizes. Detailed
information on the total number of reefers in the yard,
along with the arrival and departure throughput of the
reefers over time, can be found in Figure 4. Both math-
ematical models are formulated to discretise time into
equal intervals, such as 15minutes. These discretised
time units are used to model the problem. The planning
horizon spans one day, with energy prices specified on an
hourly basis.

5.1.3. Reefer and environmental parameters
Each reefer container stores a single product type from
one of the following categories: Deep-Frozen, Frozen,
Chilled, Pharmaceuticals, Bananas,Musical Instruments,
and Painting Products. For products within the same cat-
egory, the inside temperaturemust bewithin the specified
range in Table 2. The specific parameters for each type
of product are detailed in Table 2 and are based on the
data presented in van Duin et al. (2018). Each reefer
holds a specific product and it is known. Each reefer’s
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Figure 4. The number of reefers at each time unit at container yard in each instance (S1, S2, S3, S4). (a) S1. (b) S2. (c) S3 and (d) S4.

Figure 5. Environmental parameters settings. (a) ambient temperature and (b) sun intensity.

actual permissible temperature range is randomly gener-
ated by obeying the overall interval of temperature range
and using the fluctuation sensitivity in Table 2.Maximum
cooling power (Pmax

i ) and auxiliary power for each prod-
uct are also presented in Table 2. We use the historical
data in Budiyanto and Shinoda (2017) to set the ambient
temperature and sun intensity, as illustrated in Figure 5.
In Figure 6, we present time-variant (hourly) power pur-
chasing price from the grid during one day (day-ahead
price), obtained from Iris and Lam (2021).

5.2. Experimental results

We first analyze the computational time required to
obtain the optimal solution and optimality gap for all
instances with different objective functions and charg-
ing schemes, then assess the cost and energy profile of
obtained solutions. We also investigate the impact of
energy peak-shaving, energy demand response, reefer
charging rates, temperature management, and the influ-
ence of the power distribution network on results.
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Figure 6. Time-of-use energy price, Source: Iris and Lam (2021).

Table 2. Reefer cargo classification and the requirements of temperature and power for each cargo (Source from van
Duin et al. 2018).

Product
The overall interval of inside

temperature (◦C)
Temperature fluctuation

sensitivity (◦C)
Maximum cooling

power (W)
Auxiliary
power (W)

Deep-Frozen: Seafood, Ice-cream [−30,−28] 2 5000 2500
Frozen: Frozen fish, meat [−20,−16] 2 6000 2500
Chilled: Fruits and Vegetables [−5, 5] 1 10, 000 2500
Pharmaceuticas [2, 8] 1 10, 000 2500
Bananas 13 1 12, 000 2500
Musical instruments, paintings [18, 21] 2 15, 000 2500

Table 3. Solution time and optimality gap under different charging schemes and peak thresholds.

Peak costing based on peak
consumption (CP)

Peak costing for both peak value and
excess charging (CPaEPT)

Peak costing based on excess charging
beyond peak threshold (CEPT)

ON/OFF FPC ON/OFF FPC ON/OFF FPC

Time Gap Time Gap Time Gap Time Gap Time Gap Time GapInstances #
of reefers

Peak
threshold (s) (%) (s) (%) (s) (%) (s) (%) (s) (%) (s) (%)

S1 100 150 kw 1800 0.81 1.21 0 1800 1.02 1.15 0 1800 1.11 1.18 0
250 kw 1800 0.90 1.09 0 1800 0.79 1.05 0
350 kw 1800 0.85 1.07 0 1800 0.77 1.01 0

S2 250 400 kw 1800 0.85 1.57 0 1800 1.27 1.73 0 1800 1.46 1.48 0
550 kw 1800 1.25 1.66 0 1800 0.82 1.38 0
700 kw 1800 0.95 1.69 0 1800 0.89 1.57 0

S3 500 1000 kw 1800 1.02 1.84 0 1800 1.54 1.95 0 1800 1.55 2.04 0
1500 kw 1800 1.48 1.87 0 1800 0.96 1.91 0
2000 kw 1800 1.12 2.14 0 1800 1.07 1.99 0

S4 1000 1500 kw 1800 1.26 2.26 0 1800 1.72 2.45 0 1800 2.17 2.38 0
2000 kw 1800 1.56 2.51 0 1800 1.15 2.35 0
3000 kw 1800 1.32 2.69 0 1800 1.13 2.71 0

5.2.1. Model efficiency results
The models are run with 1800 seconds (30minutes) of
time limit using CPLEX 12.10. Table 3 provides a com-
prehensive overview of solution time (in seconds) and
optimality gap (Gap, %) for all instances. We tested
three methods for calculating peak costs: (1) peak cost-
ing based on peak consumption (CP), (2) peak costing
for both peak value and excess charging (CPaEPT), and
(3) peak costing based on excess charging beyond the
peak threshold (CEPT). These methods were applied to
four different instances (S1–S4) with three distinct peak
threshold values (High, Medium, and Low), considering
FPC and On/off charging. For FPC charging model, the
optimal solution is obtained in less than 3 seconds for all
instances. The optimisationmodel for ON/OFF charging
is solved with an average optimality gap of 1.17% within
the 30-minute time limit across instances, with 0.98%

for CP, 1.24% for CPaEPT and 1.15% for CEPT, respec-
tively. TheON/OFF charging scheme ismore challenging
to solve to optimality due to the large number of binary
variables.

5.2.2. Cost and environmental impact of energy
demand response and peak-shaving
We evaluate the costs and environmental impact of smart
charging management for different types of charging
schemes. Table 4 displays the results for each experi-
ment, including peak power, total energy demand, peak
power cost, energy consumption cost, and carbon emis-
sions. It also highlights the cost savings and emission
reductions associated with the three peak cost meth-
ods for S1–S4 instances of smart charging manage-
ment compared to the base case of traditional reefer
yards. The optimisation model proposed in this paper
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Table 4. Energy demand, power cost and carbon emission.

cost (SGD) Carbon emission (kg)

Charging scheme Costing method Pthr (kW) ppeak (kW) �P+ (kW) Energy (kWh) Peak Energy Total Saving Total Reduction

S1 Base Case Policy – 438.00 – 6979.63 0.00 1407.13 – – 3980.48 –
ON/ OFF CP – 282.50 – 5401.37 56.59 1013.86 1070.46 424.42 3080.40 900.08

CPaEPT 150 245.50 95.50 5385.88 87.45 1030.43 1117.88 492.39 3071.56 908.92
250 252.00 2.00 5387.38 51.29 1026.80 1078.09 492.11 3072.42 908.06
350 282.50 0.00 5398.87 56.59 1013.39 1069.99 427.29 3078.98 901.50

CEPT 150 229.00 79.00 5383.87 104.66 1038.99 1143.65 645.02 3070.42 910.06
250 250.50 0.50 5389.87 0.66 1027.41 1028.07 628.12 3073.85 906.63
350 315.50 0.00 5403.87 0.00 1012.79 1012.79 394.34 3081.83 898.65

FPC CP – 282.76 – 5345.04 56.65 999.36 1056.01 438.87 3048.28 932.20
CPaEPT 150 232.51 82.51 5322.35 79.64 1022.11 1101.75 508.52 3035.34 945.14

250 250.00 0.00 5330.92 0.00 1013.95 1013.95 556.25 3040.22 940.26
350 282.75 0.00 5345.03 56.64 999.37 1056.01 441.27 3048.27 932.21

CEPT 150 221.87 71.87 5324.89 95.21 1029.48 1124.69 663.98 3036.79 943.69
250 250.00 0.00 5330.92 0.00 1013.95 1013.95 642.24 3040.22 940.26
350 315.93 0.00 5343.91 0.00 999.19 999.19 407.93 3047.63 932.85

S2 Base Case Policy – 864.00 – 14655.38 0.00 2950.57 – – 8357.96 –
ON/ OFF CP – 570.50 – 11109.12 114.29 2090.10 2204.39 919.27 6335.53 2022.43

CPaEPT 400 492.00 92.00 11089.63 135.43 2133.35 2268.77 1040.80 6324.41 2033.55
550 557.50 7.50 11098.88 114.69 2098.54 2213.23 1036.24 6329.69 2028.27
700 579.50 0.00 11125.38 116.09 2090.57 2206.67 924.21 6344.80 2013.16

CEPT 400 471.50 71.50 11085.12 94.72 2139.30 2234.02 1331.26 6321.85 2036.11
550 550.00 0.00 11094.62 0.00 2097.01 2097.01 1269.55 6327.26 2030.70
700 698.50 0.00 11111.88 0.00 2089.56 2089.56 861.01 6337.10 2020.86

FPC CP – 572.39 – 10974.74 114.67 2058.42 2173.09 950.57 6258.89 2099.07
CPaEPT 400 470.41 70.41 10930.97 122.45 2103.99 2226.44 1083.13 6233.93 2124.03

550 550.00 0.00 10962.93 110.18 2067.92 2178.10 1071.37 6252.16 2105.80
700 572.37 0.00 10974.60 114.67 2058.40 2173.07 957.81 6258.82 2099.14

CEPT 400 455.66 55.66 10935.74 73.73 2114.24 2187.98 1377.30 6236.66 2121.31
550 550.00 0.00 10958.31 0.00 2066.91 2066.91 1299.65 6249.53 2108.43
700 700.00 0.00 10969.35 0.00 2057.65 2057.65 892.92 6255.82 2102.14

(continued).
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Table 4. Continued.

cost (SGD) Carbon emission (kg)

Charging scheme Costing method Pthr (kW) ppeak (kW) �P+ (kW) Energy (kWh) Peak Energy Total Saving Total Reduction

S3 Base Case Policy – 2290.50 – 38914.38 0.00 7831.85 – – 22192.87 –
ON/OFF CP – 1702.50 – 29871.12 341.07 5536.43 5877.49 2413.22 17035.50 5157.37

CPaEPT 1000 1298.00 298.00 29785.38 379.43 5759.58 6139.01 2668.76 16986.60 5206.27
1500 1505.50 5.50 29867.63 303.81 5654.20 5958.00 2649.44 17033.51 5159.36
2000 1703.50 0.00 29882.38 341.27 5549.26 5890.53 2121.62 17041.92 5150.95

CEPT 1000 1260.50 260.50 29769.87 345.11 5764.71 6109.82 3431.68 16977.76 5215.11
1500 1500.00 0.00 29758.62 0.00 5621.26 5621.26 3257.85 16971.34 5221.52
2000 1988.50 0.00 29875.37 0.00 5532.14 5532.14 2299.71 17037.93 5154.94

FPC CP – 1717.11 – 29526.96 343.99 5448.73 5792.73 2497.99 16839.23 5353.64
CPaEPT 1000 1252.90 252.90 29355.28 352.33 5661.35 6013.67 2794.10 16741.31 5451.55

1500 1500.00 0.00 29421.85 300.50 5542.56 5843.06 2764.38 16779.28 5413.59
2000 1717.11 0.00 29526.97 343.99 5448.73 5792.73 2219.42 16839.23 5353.64

CEPT 1000 1224.79 224.79 29367.11 297.80 5679.13 5976.93 3564.57 16748.06 5444.81
1500 1500.00 0.00 29421.84 0.00 5542.56 5542.56 3336.55 16779.28 5413.59
2000 2000.00 0.00 29515.49 0.00 5447.13 5447.13 2384.73 16832.68 5360.19

S4 Base Case Policy – 3277.50 – 52588.75 0.00 10606.31 – – 29991.36 –
ON/OFF CP – 2086.50 – 40083.75 418.00 7526.73 7944.73 3318.17 22859.76 7131.60

CPaEPT 1500 1766.00 266.00 40028.25 460.37 7716.65 8177.01 3798.07 22828.11 7163.25
2000 2004.00 4.00 40166.25 403.07 7598.51 8001.58 3773.17 22906.81 7084.55
3000 2083.00 0.00 40101.50 417.29 7540.70 7957.99 2828.61 22869.89 7121.48

CEPT 1500 1705.00 205.00 40084.75 271.58 7746.27 8017.86 4943.28 22860.33 7131.03
2000 2000.00 0.00 40041.75 0.00 7562.06 7562.06 4736.68 22835.81 7155.55
3000 2847.50 0.00 40086.00 0.00 7513.05 7513.05 3093.26 22861.05 7130.32

FPC CP – 2092.38 – 39532.99 419.17 7395.09 7814.26 3448.64 22545.66 7445.70
CPaEPT 1500 1717.82 217.82 39362.99 431.41 7561.37 7992.78 3982.30 22448.71 7542.65

2000 2000.00 0.00 39478.26 400.67 7432.93 7833.60 3941.15 22514.45 7476.91
3000 2092.38 0.00 39533.00 419.17 7395.09 7814.26 2972.34 22545.67 7445.69

CEPT 1500 1641.09 141.09 39386.24 186.92 7614.67 7801.59 5159.54 22461.97 7529.39
2000 2000.00 0.00 39478.24 0.00 7432.93 7432.93 4865.81 22514.44 7476.92
3000 2863.45 0.00 39534.37 0.00 7395.69 7395.69 3210.61 22546.45 7444.91
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showcases substantial cost savings and environmental
benefits.

In terms of port operation costs, we quantify the cost
savings of the S1–S4 instances compared to the base case.
The FPC scheme achieves amaximumdaily cost saving of
663.98, 1377.30, 3564.57, and 5159.54 SGD/day, for 100,
250, 500, and 1000 reefers, respectively. The ON/OFF
charging scheme delivers a maximum cost saving of
645.02, 1331.26, 3431.68, and 4943.28 SGD/day. These
reductions in operational costs offer significant finan-
cial benefits to port operators, enabling them to improve
efficiency andprofitabilitywhile optimising resource util-
isation.

Furthermore, from the perspective of energy con-
servation and emission reduction, the suggested meth-
ods reduce energy consumption by approximately 1615,
3675, 9275, and 12,810 kWh/day for S1–S4 compared
to the base case in average. The energy saving leads to
a decrease in carbon emissions, with the FPC scheme
reducing emissions by 945.14, 2124.03, 5451.55, and
7542.65 kg/day, while the ON/OFF charging scheme
achieves a reduction of 910.06, 2036.11, 5221.52, and
7163.25 kg/day for S1–S4 instances. The total annual
reduction in energy could reach up to approximately 590,
1340, 3385, and 4675MWh/day, with corresponding car-
bon emission reductions of around 338, 760, 1950, and
2684 tons/year for S1–S4 instances, respectively. These
reductions provide significant environmental benefits by
lowering the carbon footprint and promoting sustainable
practices in port operations.

For two smart charging control schemes of reefers, the
FPC scheme outperforms the ON/OFF charging scheme.
Specifically, the FPC reefers achieve daily reductions in
energy demand of approximately 58 kWh, 144 kWh, 382,
and 552 kWh; energy costs of 12 SGD, 30 SGD, 92, and
117 SGD; and carbon emissions of 33 kg, 82 kg, 218, and
315 kg in average, compared to the ON/OFF scheme,
for S1–S4 instances, respectively. In summary, the FPC
scheme offers greater load flexibility, enabling more effi-
cient energy management compared to the ON/OFF
scheme.

The three different peak costingmethods (CP,CPaEPT,
andCEPT) have had a significant impact on both cost and
environmental outcomes, though the effects vary slightly
across methods. The total cost of the CEPT method is
lowestwhen the peak power remains below the threshold.
In contrast, the total cost of the CP method is minimised
when the peak power exceeds the threshold. Meanwhile,
the total cost of the CPaEPT method is consistently the
highest, regardless of the peak power level. When the
peak power does not reach the threshold, the total cost
of the CPaEPT method is nearly the same as that of the
CP method. Our research provides valuable insights for

port operators in making strategic decisions, particularly
in selecting a peak power costing method and determin-
ing the peak threshold values in contracts with power
suppliers (grid operators).

In summary, the demand response mechanism, which
shifts power demand to lower-cost periods, proves to
be effective, with consistent results across ports of vary-
ing sizes. The methods proposed in this research offer a
practical solution for optimising port operations through
smart charging management, resulting in both cost sav-
ings and environmental benefits. This study contributes
to the advancement of more sustainable and economi-
cally viable practices in port operations.

5.2.3. Energy peak-shaving and demand response
with different charging schemes and peak costing
Figures 7–9 illustrate the total power charging amount
in each hour across different charging schemes and peak
threshold values. FPC and ON/OFF fixed power charg-
ing schemes have been presented with subfigures for S2
and S3 instances as examples. Within each subfigure, the
results are provided for three peak costing methods (CP,
CPaEPT, and CEPT), as well as the base case policy and
the always-on fixed power approach.

When comparing the two smart charging schemes
(FPC and ON/OFF) with the Base Case Policy and the
Always-On Fixed Power Policy, the two smart charg-
ing schemes show better performance as they optimise
the timing of charging power. Their demand response
is effectively managed through charging flexibility based
on time-of-use energy price. Energy consumption is
shifted to the early hours of the day, when energy
prices are lower. As a result, electricity consumption
is reduced during the day, particularly between 7 AM
and 3 PM. The shift in power demand is a key com-
ponent of the demand response mechanism, driven
mainly by the time-of-use energy prices, which are higher
between 7 AM and 10 PM, as shown in Figure 6.
Meanwhile, within the limitations of the peak thresh-
old for the CEPT method, a higher peak threshold value
(Figure 9) allows a greater gain in demand response,
particularly by allowing more reefer containers to be
powered simultaneously during periods of lower energy
prices.

There are also some differences between the FPC
and ON/OFF smart charging schemes in terms of peak-
shaving and demand response results. The flexibility
of the FPC scheme is higher compared to that of the
ON/OFF scheme, which leads to less fluctuation in power
demand. This reduced fluctuation is particularly benefi-
cial for the capacitated power distribution network, as it
helps to stabilise power flow and maintain infrastructure
reliability.
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Figure 7. Power charging with low peak threshold. (a) FPC S2. (b) FPC S3. (c) ON/OFF S2 and (d) ON/OFF S3.

By comparing the results from low, medium, and
high peak thresholds, it clearly shows that the peak
threshold significantly affect the amount of power that
can be shifted to lower-cost energy periods, particu-
larly in the CEPT and CPaEPT methods. For S1–S4
instances, CP method is not affected by the thresh-
old value, with its peak power consistently remaining
at approximately 282.5 kW, 570.5 kW, 1702.5 kW, and
2086.5 kW for ON/OFF scheme, as well as 282.76 kW,
572.39 kW, 1717.11 kW, and 2092.38 kW for FPC scheme.
In the CEPT case, the primary goal is to minimise power
consumption that exceeds the peak threshold. As a result,
the peak power is kept close to the threshold, allowing
as much power as possible to be shifted to lower-cost
energy periods, thereby reducing overall energy costs.
However, if the peak threshold is set too high (Figure 9),
the peak may not be reached due to the limitations of
the power distribution network’s capacity. On the other
hand, if the threshold is set too low (Figure 7), the power
curve will flatten out, staying as close to the threshold as
possible. This phenomenon is desirable in this case, as
the price of peak power is significantly higher than the
hourly energy prices. It demonstrates the effectiveness of
the optimisation strategy in shifting power consumption
and highlights the strong responsiveness of case CEPT
in various peak thresholds. In the CPaEPT case with a

low peak threshold (Figure 7), the peak power is min-
imised to stay as close to the threshold as possible. But
it’s slightly higher than that of the CEPT case and the
power curve forms a dip between 7 AM and 11 AM.
In case CPaEPT with high peak thresholds, the peak
power is nearly the same as that of case CP, as shown
in Figure 9. For medium peak thresholds, as shown in
Figure 8, the power curve closely mirrors that of the
CEPT case, with the peak power equal to the threshold.
Case CPaEPT demonstrates a nuanced performance in
managing peak power across different peak thresholds. It
is capable of significant peak power reduction and opti-
mising energy use under stringent conditions with low
and medium peak thresholds. The CPaEPT’s response
to high thresholds is less effective than that of the
CEPT.

5.2.4. Analysis of reefer charging rate with different
peak threshold values
Figure 10 illustrates the hourly charging rate of reefer
containers at the yard, using the S2 instance as an exam-
ple. It includes both FPC and ON/OFF charging schemes
across different peak threshold settings. In contrast to the
Base Case policy, all the smart charging optimisation sce-
narios incorporate some form of demand response by
shifting charging to lower energy price periods.
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Figure 8. Power charging with medium peak threshold. (a) FPC S2. (b) FPC S3. (c) ON/OFF S2 and (d) ON/OFF S3.

Figure 9. Power charging with high peak threshold. (a) FPC S2. (b) FPC S3. (c) ON/OFF S2 and (d) ON/OFF S3.
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Figure 10. Charging rate of S2 instance. (a) FPCwith low peak threshold. (b) ON/OFFwith low peak threshold. (c) FPCwithmediumpeak
threshold. (d) ON/OFF with medium peak threshold. (e) FPC with high peak threshold and (f ) ON/OFF with high peak threshold.

As shown in Figure 10(a–d), the FPC smart charging
scheme using the CEPT method with low and medium
peak thresholds, as well as the CPaEPT method with the
low peak threshold, exhibits a steady increase starting
from 7 AM. This trend differs from that of the ON/OFF
charging scheme. Due to the low and medium peak
threshold, their charging rate is distributed more evenly
throughout the entire day. For high peak threshold, the
FPC scheme consistently achieves a higher charging rate
than the ON/OFF scheme before 7 AM. This is due to
the greater flexibility in power management offered by
the FPC scheme. As a result, with the same total power
supplied by the yard, more reefers can be charged under
the FPC scheme.

Figure 11 illustrates this trend through the temper-
ature and power plots for two reefers (Frozen reefer
and Chilled reefer) as examples. FPC control provides a
continuous supply of moderate power to maintain the
temperature within the allowed limits. This approach
enables more reefers to be charged during this period,
whereas the ON/OFF control relies on intermittent max-
imum cooling power, leading to more fluctuating charg-
ing behaviour.

5.2.5. Temperaturemanagement for reefer
containers
Figure 12 shows the average internal temperature ,
along with the minimum and maximum allowable
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Figure 11. An illustration of temperature and power charging curve for two reefers in the benchmark. (a) ON/OFF power-Frozen reefer.
(b) ON/OFF temp-Frozen reefer. (c) FPC power-Frozen reefer. (d) FPC temp-Frozen reefer. (e) ON/OFF power-Chilled reefer. (f ) ON/OFF
temp-Chilled reefer. (g) FPC power-Chilled reefer and (h) FPC temp-Chilled reefer.
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Figure 12. Average temperature of S2 instance. (a) FPC with low peak threshold. (b) ON/OFF with low peak threshold. (c) FPC with
medium peak threshold. (d) ON/OFF with medium peak threshold. (e) FPC with high peak threshold and (f ) ON/OFF with high peak
threshold.

temperatures of all reefers for different charging schemes
with three thresholds in S2 instance. The proposed
method ensures that all reefers remain within the desired
temperature range. The average temperatures for the FPC
and ON/OFF charging schemes are relatively similar for
a given instance. Furthermore, when comparing differ-
ent peak-costing approaches (CP, CPaEPT, and CEPT)
for the same instance in each sub-figure, the results
show little variation. The charging power and average

temperature are inversely proportional across all three
peak-costing methods, with higher charging power lead-
ing to lower average temperatures. Results indicate that
the average temperature from 11 AM to 10 PM is close to
the upper allowed limit. During this period, the ambient
temperature and sun intensity are high, as well as demand
response mechanism carefully shifts power charging to
other periods in order to reduce unit energy purchasing
costs. At night (12 AM – 8 AM), the average temperature
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Figure 13. Power charging with and without power distribution network for S3 instance.

for reefer containers falls within the range between the
lower and upper temperature limits.

5.3. The impact of power distribution network in the
yard

Figure 13 illustrates an example of power charging com-
paring both with and without a power distribution
network for S3 instance. The solid lines represent the
results without the power distribution network, while the
dashed lines correspond to the S3 instance with the net-
work in place. It is evident that the power distribution
network helps to reduce fluctuations between 7 AM and
10 PM. Without the network limitation, charging is pri-
marily influenced by time-of-use energy pricing and the
peak threshold costing. However, since the energy price
remains constant and below the threshold between 7 AM
and 10 PM, there is no mechanism in place to restrict
power consumption during these hours. In contrast, the
power distribution network divides the reefers stored in
the yard intomultiple groups, balancing load distribution
across different nodes. This prevents overloading at any
single nodes in Figure 3 and ensures a more stable power
supply throughout the day. As a result, the presence of
the power distribution network leads to amore stable and
reliable charging experience, particularly during the criti-
cal hours between 7AMand 10PMwhen energy demand
is below peak power.

Figures 7–9 illustrate that both S1 and S2 show fluc-
tuations between 7 AM and 10 PM when the power
distribution network is in place. This is because the num-
ber of reefers is relatively small, and the capacity of the
network nodes is not fully utilised. Only when the num-
ber of refrigerated containers is significantly larger (S3
and S4 instances), the effect of the power distribution
network becomes more apparent.

5.4. Installation of roof shade (RS) in the yard

Installing roof shades over the reefer area is a critical
topic of discussion in the port industry. Roof shades
have a solar radiation absorption rate of 50% (Shinoda,
Budiyanto, and Sugimura 2022), which is expected to
enhance energy efficiency in reefer yards. An alterna-
tive approach is the construction of underground storage
and cooling spaces for reefer containers (Moros-Daza
et al. 2024). This study evaluates the potential benefits of
installing a roof shade in the yard. We have set the envi-
ronmental parameters with the roof shade, as shown in
Figure 14, and conducted experiments with S2 instance.

5.4.1. The impact analysis of roof shade on charging
schemes
Table 5 presents the peak power and energy demand for
the RS case, as well as the differences between scenarios
with and without the roof shade (RS and S2 instances).
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Table 5. Peak power and energy demand for RS and the differences between scenarios with and without roof shade (RS and S2).

RS Reduction only by roof shade

Smart charging
scheme

Peak costing
method Pthr (kW) ppeak (kW) �P+ (kW)

Total energy
demand (kWh) ppeak (kW) �P+ (kW)

Total energy
demand (kWh)

Base Case Policy with roof shade – 823.00 – 13955.13 41.00 – 700.25
ON/OFF CP – 543.50 – 10486.62 27.00 – 622.50

CPaEPT 400 461.50 61.50 10465.38 30.50 30.50 624.25
550 546.50 0.00 10489.13 11.00 7.50 609.75
700 547.00 0.00 10489.63 32.50 0.00 635.75

CEPT 400 441.50 41.50 10458.87 30.00 30.00 626.25
550 550.00 0.00 10482.12 0.00 0.00 612.50
700 688.50 0.00 10479.63 10.00 0.00 632.25

FPC CP – 543.38 – 10355.02 29.01 – 619.72
CPaEPT 400 455.40 55.40 10314.63 15.02 15.02 616.34

550 543.36 0.00 10354.71 6.64 0.00 608.22
700 543.37 0.00 10355.17 29.00 0.00 619.43

CEPT 400 429.94 29.94 10318.61 25.71 25.71 617.14
550 550.00 0.00 10354.90 0.00 0.00 603.41
700 700.00 0.00 10349.47 0.00 0.00 619.88

Figure 14. Sun intensity with/without roof shade.

The results show that installing the roof shade reduces
total energy demand, peak energy consumption, and the
peak demand exceeding the threshold in both charging
schemes and three peak costing methods. The installa-
tion of the roof shade can reduce peak power by up to
30 kW and save more than 600 kWh/day in total energy
consumption.

5.4.2. The impact of roof shade on cost and
environmental performance
Table 6 outlines the various cost components (Peak costs,
Energy costs, Total costs) and carbon emissions for roof
shade (RS) case, as well as reduction in cost and car-
bon thanks to roof shade compared to the base case
policy with/without roof shade and the optimisation
without roof shade for S2 instance. Results demonstrate
positive impact of RS on costs and carbon emissions.
For all RS cases, the total costs range from 1937.24 to
2131.54 SGD/day, and the carbon emissions range from

5882.44 to 5982.23 kg/day. The FPC schemes generally
result in lower energy consumption (and emissions) as
well as reduced total costs compared to the ON/OFF
schemes with RS.

Table 6 also presents the cost savings and carbon emis-
sion reductions for peak costing optimisation methods
compared to the Base Case Policy with roof shade. In
particular, the various peak costing schemes still show
significant reductions in both energy costs and carbon
emissions with roof shade. A smaller threshold (400 kW)
provides greater cost savings compared to higher thresh-
olds (550 and 700 kW) in the CEPT and CPaEPT cases
when roof shading is installed. This lower threshold bet-
ter presents the performance of roof shading.

Compared to the base case with roof shade, the
FPC scheme achieves a maximum cost savings of
1319.83 SGD/day and a reduction in carbon emissions
of 2076.17 kg/day. The ON/OFF charging scheme, on
the other hand, results in a maximum cost savings of
1280.08 SGD/day and a reduction in carbon emissions
of 1993.91 kg/day. These average savings could total
approximately 475,000 SGD/year, with a potential reduc-
tion in carbon emissions of up to 740 tons/year for the
S2 instance with roof shade, compared to the Base Case
Policy. In terms of both energy cost and carbon emission
reductions, the FPC scheme outperforms the ON/OFF
charging scheme.

Table 6 details the impact of roof shade installa-
tion compared each optimisation result between RS
instance and S2 instance shown in Table 4. The total
cost savings range from 120.41 to 159.67 SGD/day,
while carbon emissions are reduced by 344.12 to
362.57 kg/day. These savings could amount to approx-
imately 51,000 SGD/year and 129 tons/year. This data
clearly demonstrates the positive effect of roof shading
in reducing energy demand, energy costs, and carbon
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emissions. The installation of roof shade offers an effi-
cient and sustainable solution for energy management.

In comparison to the base case policy without roof
shade of the S2 instance, the combined impact of roof
shade and peak costing optimisation is presented in
Table 6. The total cost savings range from 983.60 to
1530.68 SGDper day,while carbon emissions are reduced
by 2375.73 to 2475.52 kg per day. The effect of roof shad-
ing and peak costing optimisation results in more sub-
stantial cost reductions and efficiency gains than either
strategy could achieve individually.

6. Conclusion

Our study focuses on the smart charging planning of
reefers for energy demand response and energy peak-
shaving at ports using Internet-of-Things (IoT) technol-
ogy. By leveraging intermittent charging capabilities and
responsiveness to time-variant energy prices, we opti-
mise power charging and temperature management dur-
ing each time period of the planning horizon. Address-
ing the challenges posed by the increasing electrifica-
tion of ports, our research provides effective strategies
for reducing energy costs, mitigating peak energy stress
on the grid, and reducing the carbon emissions associ-
ated with charging. We consider the diverse attributes
of reefers, such as dynamic arrival/departure times and
reefer cargo content requirements, as well as external
factors like ambient temperature and sunlight intensity
and power distribution network properties, to deliver
comprehensive insights.

The suggested operational policies building Cyber-
Physical Systems (CPS) for an Internet-of-Things (IoT)
framework transform traditional reefers into smart
reefers within Industry 4.0. This integration forms an
interconnected network that enables seamless commu-
nication among reefers and enhances real-time monitor-
ing, data collection, and power control. The optimisation
models embedded in this IoT framework provide deci-
sions on power and temperature control for energy peak
load shaving and demand response management. Given
the flexibility of IoT-based control, two types of smart
reefer charging methods (FPC and ON/OFF charging)
and three energy costing methods (including different
types of peak costs and total energy consumption costs)
are investigated. The suggested CPS enable suggested
charging schemes.

Results show that the power charging for reefers can
effectively be shifted between periods and intermittent
charging is helpful, reducing electricity consumption,
peak power purchasing and total energy costs. The power
charging is shifted to early hours of the day, influenced by
high energy prices during the day. The power charging is
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also carefully distributed between periods to limit peak
power consumption as the unit peak power consumption
cost is higher compared to the average unit power con-
sumption cost per period. Our study also informs ports
about different energy costing schemes (e.g. unit energy
consumption and energy peak costing). Three different
peak costing schemes are evaluated in this work. For the
schemes with peak costing beyond the peak threshold,
the value of agreed peak thresholds plays a crucial role
in managing power consumption effectively. A high peak
threshold may lead to energy waste, while a low thresh-
old could restrict power shifting (demand response) and
incur high peak costs and energy consumption costs. The
power distribution network leads to a more stable and
reliable charging experience for larger-scale reefer yards,
such as S3 and S4 instances, particularly during the criti-
cal hours between 7AMand 10PMwhen energy demand
is below peak power. Moreover, roof shading has been
identified as an efficientmethod for decreasing the power
demand during daytime hours (and resulting costs and
emissions), reducing the need for a demand response.

We also compare two smart charging schemes. Our
study suggests that flexible power charging (FPC) con-
trol delivers better performance compared to ON/OFF
charging control with respect to studied costs and con-
straints. FPC control leads to a smoother power con-
sumption curve and maintains a more consistent tem-
perature within the reefers. In contrast, ON/OFF con-
trol frequently cycles between maximum and minimum
power states, causingmore frequent temperature fluctua-
tions and increasedwear on refrigeration equipment. The
enhanced flexibility of FPC control results in more effi-
cient energy use, greater cost savings, and better preser-
vation of goods. Additionally, the model for FPC scheme
is easier to solve and we obtain optimal solutions within
short computational times (less than 3 seconds).

Our research quantifies the substantial cost savings
and environmental benefits of smart charging mecha-
nisms and roof shade installation. The total annual reduc-
tion in energy could reach up to approximately 590,
1340, 3385, and 4675MWh/day, with corresponding car-
bon emission reductions of around 338, 760, 1950, and
2684 tons/year for S1–S4 instances. These annual cost
savings could reach to approximately 240,000, 500,000,
1,270,000, and 1,850,000 SGD/year. Roof shade could
save total cost more approximately 51,000 SGD/year and
reduce carbon emission more 129 tons/year than S2
instance.

The managerial implications of our work offer port
operators the means to make informed decisions on

electricity supplier contracts (selecting a proper cost-
ing structure), peak threshold decisions, and power
charging amounts in each time period. In addition
to reducing energy costs, this approach helps to min-
imise product spoilage and ensure the quality, fresh-
ness, and safety of cargo in the cold chain. Through
effective energy and temperature management, we also
reduce the environmental impact of refrigerated con-
tainer transportation, making this technology more sus-
tainable and eco-friendly. While this work considers the
application of reefer containers at container terminals
and yards, the proposed approachmay equally be applied
to related problems in logistics and storage of refrigerated
goods.

It is important to also acknowledge the limitations of
our study. Our research solely focuses on reefer park in
a container terminal. However, a complete energy man-
agement system in a port would include other energy
consumers such as container transport and handling
equipment. Future works can integrate other energy
demand generators into refining the optimisation mod-
els, and additional factors such as specific cargo require-
ments can be integrated in the models. Furthermore,
exact and heuristic solution algorithms can be stud-
ied to enhance the optimality performance of the solu-
tion approaches. In future studies, the reefers can cap-
ture more data with sensors (e.g. humidity) and fore-
cast their temperature with machine learning methods.
These data can serve as input for our charging opti-
misation platform. IoT systems require robust security
measures. Blockchain can manage access and secure
communications and transactions by the cryptography
layer (Surucu-Balci, Iris, and Balci 2024). Thus, future
research could also focus on enhancing the security of
IoT-enabled reefers through blockchain that will also
deliver a secure platform for electric power supply
contracts.
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