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ABSTRACT Recently, the application of renewable energy sources (RESs) for power distribution systems 
is growing immensely. This advancement brings several advantages, such as energy sustainability and 
reliability, easier maintenance, cost-effective energy sources, and ecofriendly. The application of RESs in 
maritime systems such as port microgrids massively improves energy efficiency and reduces the utilization 
of fossil fuels, which is a serious threat to the environment. Accordingly, ports are receiving several 
initiatives to improve their energy efficiency by deploying different types of RESs based on the power 
electronic converters. This paper conducts a systematic review to provide cutting-edge state-of-the-art on 
the modern electrification and infrastructure of seaports taking into account some challenges such as the 
environmental aspects, energy efficiency enhancement, renewable energy integration, and legislative and 
regulatory requirements. Moreover, the technological methods, including electrifications, digitalization, 
onshore power supply applications, and energy storage systems of ports, are addressed. Furthermore, details 
of some operational strategies such as energy-aware operations and peak-shaving are delivered. Besides, the 
infrastructure scheme to enhance the energy efficiency of modern ports, including port microgrids and 
seaport smart microgrids are delivered.  Finally, the applications of nascent technologies in seaports are 
presented. 

INDEX TERMS Digitalization, Energy efficiency, Internet of Things, Smart energy management, Port 
microgrids, Green/smart ports. 

I. INTRODUCTION 

Maritime transport has become the backbone of global trade, 
as more than four-fifths of the world's merchandise trade by 
volume is carried out by the sea. Therefore, the energy 
demand for maritime shipping, including port has increased 
by 2.6 % per year on average between 2016-2019 [1]. This 
increased energy demand results in higher energy costs, 
increase greenhouse gas (GHG) emissions and other 
pollutants. According to the 4th International Maritime 
Organization (IMO) GHG study, the share of the shipping 
sector in air emission has increased from 2.76% in 2012 to 
2.89% in 2018 [2] and it is expected to increase significantly. 
Furthermore, higher energy costs are a substantial burden for 

the ports, so controlling the energy demand or increasing the 
trade would be very beneficial to reduce transportation costs. 
Similarly, the development of green ports leads to a decrease 
in harmful gas emissions and increases efficiency [3]. In 
every sense, the concept of energy efficiency means a 
method to minimize energy consumption to attain the same 
amount of useful power. It is the main focus of port 
authorities that significant energy saving could be achieved 
through the validation and adoption of policies, technological 
measures, and the integration of renewable energy sources 
(RESs) [4].  

Role of ports to tackle climate change has received 
significant attention due to increased pressure from 
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international (e.g. air quality mitigation) and regional 
regulations (e.g. EU, energy efficiency directive/2012) to 
improve environmental credibility [5],[6]. In this regard, 
different mitigation solutions are proposed, such as switching 
to cleaner fuel, replacing the older equipment with a new 
version, and restricting trucks’ idle hours [7]. Meanwhile, the 
energy efficiency was ranked 3rd in the top ten 
environmental priorities endorsed by the European Council 
in the EU maritime sector in 2020 [8]. Additionally, 
international organizations such as IMO, the World Port 
Climate Initiative (WPCI), the International Association of 
Ports and Harbors (IAPH), the Associations of Waterborne, 
and Transport Infrastructure (PIANC) [9]–[12] have put 
pressure on the maritime sector to increase energy efficiency 
[13]. Besides, there is a significant positive relationship 
between the operational and energy efficiencies of the port. 
Therefore, the increased operational efficiency resources 
(e.g., berth, equipment) will shrink energy utilization that 
leads to energy efficiency [14]. In addition, port energy 
efficiency is immensely influenced by technological 
advancements such as electrification, digitalization, onshore 
power supply (OPS), converters, batteries, ultra-capacitors, 
flywheels, and the application of smart energy management 
systems [15].  

In literature, ports have been evolved over five phases [16]. 
The first phase served as a nodal point of land and sea 
transportation provided with basic operations such as 
logistics, fishing, cruise, and rescue operations [17]. The 
second phase deployed basic equipment and infrastructure to 
reduce the dependency on the workforce. The third phase 
served as a cargo handling service provider equipped with 
warehouses, packaging, and distribution facilities [18]. The 
fourth phase ports are physically separated but linked through 
a common administration as a networked port [19]. The fifth 
or current phase is known as the customer and community-
oriented modern port, which is distinguished by some main 
features [20]. Modern ports are more competitive and 
attractive. They are reinforced properly with enabling 
technologies such as Internet of Things (IoT), Radio-
frequency identification (RFID), cloud, and fog computing, 
robots, other technological solutions, that allows ports to 
become more competitive in term of flow, customer 
management, and mitigation of environmental impacts. 
These ports can cope with the challenges of the previous 
generation's ports more effectively [21].  

There are several reviews in the literature regarding 
seaport energy management, energy efficiency, sustainability 
and smart electrification [20], [22]–[26], however, some 
important aspects such as environmental and energy-related 
challenges, technological methods, operational strategies, the 
infrastructure of modern ports, and use of nascent 
technologies such as IoT are not taken into consideration 
collectively. This paper, therefore, takes into account from 
conventional ports to greener ports and fills the existing 
research gap in challenges, energy efficiency measures, 

infrastructure, and the applications of nascent technologies 
for smarter and efficient ports. This paper aims to investigate 
the recent development in these areas and provide the reader 
with a systematic review. The rest of the paper is organized 
as follows: In section II, challenges for modern ports are 
discussed, followed by an explanation of techniques, energy 
efficiency, and operational measures in section III. In section 
IV, the infrastructure of modern ports such as port microgrid, 
smart port microgrid, and charging stations are explained. In 
section V, applications of nascent technologies in seaport are 
detailed. Finally, section VI concludes the review. 

 
II.  CHALLENGES 

Ports are facing unique challenges of environmental, energy 
efficiency enhancement, renewable energy integration, 
regulatory and legislative policies, power and grid stability, 
Infrastructure complexity, and increased energy demand 
[27]. The key challenges of ports are described as follows. 

A.  ENVIRONMENTAL 

The ports are facing crucial environmental challenges such as 
CO2 emission, air pollutions, noise, vessel congestions, and 
waste [28]. As maritime industry is responsible for producing 
2.2%,15%, and 6% of CO2, nitrogen oxides (NOx), and sulfur 
oxides (SOx), respectively [29]. In order to tackle the issue of 
global climate change, it is essential to implement 
environmental measures and control the external effects of 
port activities to make the ports image green. There are many 
regional and international studies to address the port's climate 
change [30]. The regional studies include, green effect 
project, EU project, and European Sea Ports Organization 
and the international studies include IMO, WPCI, PIANC, 
and IAPH [9]–[12]. To address these concerns, many ports of 
the world are taking serious initiatives to overcome the 
adverse effect of GHG emissions. For this, the Port of Tianjin 
and Shanghai have amended their laws to install OPS at all 
new terminals [29]. Similarly, the port Hamburg, port of 
Helsinki, and port of Antwerp are also taking strict actions to 
reduce the environmental impacts of ports. For instance, the 
Hamburg authorities have decided to reduce CO2 emission 
by expanding renewable energy and phasing out coal energy 
sources [31]. Also, the port of Helsinki has committed 100% 
carbon-free with the central efforts of energy efficiency and 
renewable energy by the implementation of the Carbon-
neutral Helsinki Action Plan 2035 [32]. Remarkably the port 
has also decided to minimize the port energy consumption by 
modernizing the heating system, installation of LED lights 
and solar system in the port area till 2035 [32]. Similarly, the 
port of Antwerp has ordered for the construction of methanol 
and hydrogen-powered tugboat to reduce air emissions with 
in the port. These tugboats will be operational by the end of 
2021 [33]. 

Likewise, the port of Singapore has offered 25% fee 
discounts for vessels that are using alternative technology for 
the reduction of GHG emissions [34]. Noticeably, 
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Singapore's port authority has also invested a huge amount of 
money, nearly 70 million USD, for greening the ports and 
related technologies. The European Union (EU) is also taking 
stringent actions to reduce the GHG emission from the ports, 
particularly during the ship hoteling process. The European 
ports have declared a deadline for the implementation of OPS 
until 2025 and offered 20-50% subsidies for OPS's 
performance [25]. Besides, the ports of Vancouver, Seattle, 
Tacoma have also decided to reduce 75% of diesel generators 
[35]. The Baltic seaports such as Stockholm, Tallinn, Turku 
have signed a memorandum of understanding for the 
implementation of OPS for ship by following agreements 
[36]: 
- All mentioned ports should provide new connections 

with a voltage of 11 kV and 50 Hz frequency. 
- All ports of the Baltic Sea need to find ways to lessen 

the adverse environmental impacts of ports. 
- All signed Baltic region ports will encourage the other 

shipping companies and ports to deliver and follow the 
same specifications. 

From the other perspective, the continuous noise from 
diesel-powered auxiliary engines is considered a risk for 
human health. As auxiliary engines used for docked ship 
energy are considered the primary source of noise at the port. 
The port of Helsinki has taken adaptive measures with 
special consideration regarding noise by ordering the vessels 
not to use auxiliary engines for electricity generations during 
moored [37]. On the other hand, the world’s ports are also 
challenging with the issues of vessel congestions that often 
happened due to mismanagement in port handling equipment 
[38]. In the meantime, the Scandinavian ports are focusing on 
sewage waste, especially from cruise ships [29]. Solid waste 
produced from ports activities (ship, cargos, and cruise) 
create problems that need legal requirements and proactive 
initiative. For example, Brazilian ports follow specific rules 
for solid waste management, which are issued by 
government organizations (such as National Waterway 
Transport Agency, the National Environmental Council, and 
National Sanitary Surveillance Agency) [39]. To tackle these 
mentioned challenges, some important technological 
methods are discussed in section III (B). 

B.  ENERGY EFFICIENCY ENHANCEMENT 

Ports are large users of energy, including electricity and 
diesel fuel [29]. It is essential for the ports to manage their 
energy usage. There is an upward trend toward the 
electrification of port infrastructure, which increases the 
degree of automation, improves energy efficiency, reduces 
energy costs and GHG emission [40]. The process of port 
electrification means a higher electricity demand is required 
by port operations to fill the energy gap left by diesel engines. 
This increased electricity demand may or may not met by the 
local grid or other microgrids, and that the current substations 
need to be upgraded, resulting in increased power generation. 
These users require an energy management system and agile 

power infrastructure. The energy management system should 
be considered in its entirety. The energy efficiency of ports 
includes operational and technical measures to reduce energy 
utilization and increase the use of renewable energy, thus 
reducing the GHG emissions, which are directly proportional 
to the amount of fuel combustion [41]. The seaport energy 
consumption is parted between necessary and wasted energy. 
Hence the wasted energy should be minimized. The energy 
efficiency was ranked 3rd after air pollutants and climate 
change in the EU environmental priorities in 2020 [8]. Under 
the development of modern ports, the following challenges 
related to energy efficiency enhancement are being 
considered [42]: 
- Secure and resilient energy supply; 
- Deploying modern communication system; 
- CO2 saving environmental requirements; 
- Grid stability and power quality issues; 
- Maintaining energy costs. 

These challenges for modern ports could be solved by 
deploying RESs, and proper implementation of modern 
communications systems such as IoT, Big data, etc. Energy 
resiliency can be built through decentralized networks and 
integrated power systems. Integrated power system 
technologies should be regarded to ensure that technology 
and data are linked, and the results are resilient, cost-effective, 
and guaranteed. 

C.  RENEWABLE ENERGY INTEGRATION 

The energy for port operations could be obtained from 
different sources such as renewable energy sources, clean 
fuels, or it can also be connected with the utility grid. 
Sometimes energy can be produced within the port area. Due 
to increased global energy demand, the use of traditional 
energy sources such as fossil fuels is creating environmental 
issues. In contrast to conventional energy sources, the 
integration of renewable energy resources such as 
photovoltaic and wind power is a challenge for grid 
management due to the fluctuated power supply. In the 
meantime, it is growing faster due to its positive 
environmental impacts and economic feasibility[43]. 
Renewable energy is produced from replenished natural 
resources, such as wind, solar lights, hydro, geothermal heat, 
and biomass energy [3]. One of the main challenges of 
renewable energy integration is the low inertia of the system. 
This occurs when the grid of the seaport is not connected to 
the stiff grid with the large capacity of synchronous 
generators. The low inertia is the main cause of grid 
instability. Several methods are introduced in the literature to 
tackle this issue by modifying the feedback control system 
such as virtual inertia control, Virtual impedance control, etc 
[44]. The second challenge is related to the over-generation 
periods when the energy generated by PVs or wind turbine is 
greater than the demand of the seaport. This leads to 
disconnections of fuel-based generators and storing excess 
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energy in the storage system [45]. It plays a vital role in ports 
because most RESs are located near the ports, especially for 
wind turbines (e.g., Kitakyushu, Rotterdam in Japan), Waves 
(e.g., Port of Kembla in Australia) [46]. Besides, solar panels 
can be installed on the roof of warehouses in the port area. 
Some examples can be found in the OHI terminal Tokyo and 
administration buildings of the San Diego port. Still, these 
types of infrastructure might not be suitable for large-scale 
solar energy exploitation [47], [48]. In [49], the integration of 
solar panels, wind turbines, and energy storage systems is 
briefly described. The benefits of integrated energy include 
[50]:  
- Decreased project development cost; 
- Better utilization of land;  
- Transmission evacuation cost-saving;  
- Operation and maintenance costs sharing and  
- Complementary energy generation profile. 

In [51], the applications of renewable energy in Damietta 
port have been studied. This study suggested that the use of 
renewable energy, such as offshore wind and hydrogen fuel 
cell energy sources, is very cost-effective when compared 
with conventional energy. A study [52] mentioned that solar 
PV leasing players in Singapore have demonstrated the 
feasibility and future potential in ports, for example, the 
Jurong port of Singapore. A similar analysis shows that the 
Hamburg port has installed PV on the roof-tops of the big 
warehouses owned by the Hamburg port authority. In 
Germany, the government has declared some major projects 
of renewable energies for their port feasibility. To achieve 
this, the government has invested 18.9 billion euros in 
building renewable energy sources, particularly onshore and 
offshore wind energy sources, to satisfy the ports' energy 
demand [53].  

Wind energy has been implemented successfully in the 
ports of Hamburg, Zeebrugge, Rotterdam, Venice, and 
Kitayjush, while the port of Genoa is planning to use wind 
energy for the reduction of a considerable amount of CO2 in 
the near future. Likewise, solar energy is being applied for 
the heating of water at the port of Hamburg offices [24]. It is 
also a plan in the different ports such as Rijeka, Antwerp, 
Venice, Genoa, Tokyo, and San Diego[24] as the world 
power climate initiative is promoting liquefied natural gas 
(LNG) in the maritime industry; hence, the ports are 
gradually orienting towards LNG. The provision of LNG in 
the harbor area will be a source of the natural development of 
ports as its trade already take place there. However, it still 
has many challenges of infrastructure, distribution as well as 
bunkering location optimization. Meanwhile, the use of LNG 
is very beneficial for the port area as it will help considerably 
in the reduction of SO2, NOx, and PM [54], [55]. And the 
use of biofuels in the harbor area is also studied in [56] and 
[57]. Table I highlights some important practical challenges 
in the ports. 

TABLE I 
PRACTICAL CHALLENGES IN SEAPORTS 

Challenges Description [58]–[60] 

Carbon 

footprints 

GHG emissions are one of the most challenging issues 
for global ports. Many ports around the world are trying 
to mitigate carbon footprints. The Marseille Fos Port has 
proposed a prototype of an “eco-calculator” for 
quantifying GHG emissions of each transiting container. 
Similarly, the port of Antwerp introduced a hydrogen-
powered tugboat as a part of efforts to become carbon 
neutral. Hydrotug boat uses a dual-fuel hybrid engine, 
which mainly runs on hydrogen, which leads to reduce 
CO2 emission around the port. 

Renewable 

energy 

integration 

World seaports are minimizing dependence on fossil 
fuels and focusing on the use of renewable energy 
sources. For this achievement, they are trying to ease the 
renewable energy integration with an energy storage 
system without upgrading the existing system.   

Energy 

storage 

capacity 

Energy storage systems have a crucial role, especially 
during power outages as, during the transition between 
grid and generators, all data centers are temporarily 
powered by energy storage systems. Consequently, the 
ports are focusing on a low-cost monitoring solution for 
an ESS that alert when the battery needs changing in 
case any problem occurs. This solution can limit the 
batteries changing as well as secure the services.  

Ports 

orientation 

Port orientations are also a challenge for modern ports 
due to increased fleet sizes. Problems come from the mix 
of traffic, including public transit and tourist vehicles. 
This challenge will be addressed with the help of new 
digital solutions such as apps and digital signs, 
especially for cruises and passenger ferries. 

Trailer 

collection 

Many ports have developed a (Radio-frequency 
identification) RFID system to help truck drivers to 
locate the dock by using their smartphones. There is a 
challenge to interface the run management system with 
the RFID tag displayed on the trailer; the purpose behind 
this service is to expedite the traffic flow in the port area. 

Container 

flow  

 

 

 

 

Shipping companies are also facing the challenges of 
container flow due to increased port congestion, and 
trucks stand still in case of any problem in port cranes. 
CMA CGM shipping company is working to optimize 
the container flow with the help of real-time data 
analytics to improve the supply chain.   

D.  REGULATORY AND LEGISLATIVE 

The environmental effectiveness of ports largely depends on 
the various regulatory policies adopted by port authorities 
[23]. Different ports may follow different regulations by 
considering local, geographical, economic, and political 
backgrounds. The four world-leading ports, Rotterdam, 
Antwerp, Shanghai, and Singapore, have adapted pricing, 
monitoring, and measuring policies to make their territory 
environmentally green. Pricing policy is divided into 
incentive and penalty pricing [61]. Motivating or giving an 
incentive pricing to the good-doers and giving a penalty to 
the wrongdoers is observed in all above-mentioned ports as 
an effective tool to promote the environmental performance 
in the maritime sector. Similarly, monitoring and measuring 
air and water quality is a very common tool being used in all 
ports. A carbon footprint monitoring project has been 
developed in Singapore port to determine the base line year, 
collect and track emission data over time [62]. Likewise, 
World Port Climate Action Plan is an international initiative 
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by a group of world-leading ports to tackle the emission 
challenges in the port sector. These ports include Port of 
Long Beach, Port of Los Angeles, Port of Antwerp, Port of 
Rotterdam, Port of Hamburg, Port of Barcelona, Port of New 
Jersey & New York, Port of Amsterdam, Port of Gothenburg, 
and Port of Le Havre [63]. In addition, the Port of Los 
Angeles has developed an energy management action plan to 
improve energy efficiency [64],[65].  

The ISO-50001 was introduced in 2011 as an effective and 
efficient tool for the achievement of energy reduction goals. 
It follows the Conventional Plan-Do-Check-Act (PDCA) in 
the following ways [25]: 
- The baseline is set by reviewing the energy audit. 

Following audit results, the overall strategy such as 
energy-saving targets, performance indicators, and 
action plan is set (Plan). 

- Selected measures, either operational or technological 
ones, which have been incorporated into the action Port 
of Los Angeles to Develop Energy Management 
Action plan, are being implemented next (Do). 

- The processes and operations that are being monitored 
and affecting the performance of formulated energy 
policies and reduction targets(Check). 

- Based on the strategic decisions and results that ensure 
continuous improvement of energy performance and 
enhancing energy management systems(Act).  

A systematic, fact-based, data-driven process is required to 
implement ISO-50001 for continuous energy efficiency 
improvement. A high level of commitment and resources 
needed for the certification of ISO 50001. In [66],[67], the 
port of Felixstowe and port of Antwerp has implemented the 
ISO-50001 in the years 2013 and 2015, respectively. Only a 
few other large ports such as Valencia and Hamburg have 
followed since then [68].  

EN-16001 and ISO-50001 are considered an alternative to 
each other. EN-16001 has been introduced a few years earlier, 
in 2009, often called the predecessor of IS-50001. These two 
common shares many similarities, such as PDCA, but also 
have some distinct features. For example, ISO-50001 has 
introduced three new concepts; the first concept is related to 
the fundamental role of top management, which is 
responsible for defining the energy policies, objectives to be 
achieved, setting operational functions, and allocations of 
available resources. So for the help of top management, and 
energy management team must establish according to ISO-
50001. The second concept is related to the Plan phase, 
which emphasized more energy reviews for a solid baseline, 
which allows energy performance monitoring. This concept 
is relating to the Do phase, where ISO-50001 emphasizes the 
design processes by implementing technological and 
operational measures. However, EN-16001 has some 
different aspects that are not included in ISO-50001:  

- The priority scales of energy aspects facilitating the 
identifications of those requiring a more thorough 
examination. 

- Identifying the company's workforce, which may have 
more energy consumption behavior. 

- Cost reduction aspect relating to potential up-gradation 
for energy consumption reduction in their entity. 

III.  TECHNIQUES AND ENERGY EFFICIENCY 
MEASURES 

In this section, control techniques and different technological 
and operational measures about energy efficiency have been 
detailed.  

A.  CONTROL TECHNIQUES 

Numerous energy management techniques have been 
reported in the literature, such as Multi-agent systems (MAS), 
integrated power supply systems, power factor correction, etc. 
In this paper, the authors focused on MAS and integrated 
power supply concepts for efficient implementation of 
energy management in ports. 

1) MULTI-AGENT SYSTEM BASED ENERGY CONTROL 

The concept of port energy demand control with multi-agent 
systems is shown in Fig. 1. The time sequence and 
communication signal exchanged by the agents are also 
shown in the same figure. The port agents are categorized 
into three major types [69]: local agents that are responsible 
for representing single component power system, cluster 
agents that are responsible for representing aggregate 
responses of clusters and send signals to local agents, and the 
aggregation agents that are responsible for aggregating the 
reactions they receive from the clusters supervised by them. 
The operations of each type of agent are briefly explained: 

Port Manager Agent (PM/A) is placed in the higher 
hierarchy level of control. It receives aggregated energy 
responses from local and cluster agents [70]. PM/A is 
responsible for supplying the energy demand of all port 
activities as well as appropriate shifting of power utilization 
in non-peak hours [71]. The PM/A collects forecasted energy 
demand from all cluster agents and calculates new optimized 
electricity prices according to the port loads profile. 
Following this strategy, the port manager agent provokes 
adoptable port energy loads by shifting their energy demand 
in low pricing periods and to accomplish peak-shaving 
during high energy demand periods [70]. The shore power 
supply agents (SPS/A), PEVs Aggregation Agents (PEV/A), 
and Reefer Aggregation Agents (RA/A) are located just one 
level below the PM/A in the hierarchical structure. They 
provide communication services by aggregating flexibility-
change of power demand curves they receive from all 
clusters of PEVs and Reefers they supervise. Furthermore, 
they also forward the marginal flexibility received from 
PM/A to all cluster agents. Reefer Area (R/A) and Plugged-
in Electric Vehicle Agent (PEV/A) are responsible for 
modeling the operations they have control of. They estimate 
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the flexibility of reefers and PEVs to change their power 
demand according to the needs of the port. The calculated 
flexibility and the respective change of power demand are 
then sent to the CPEV/As and CR/As. A cluster of Plugged-
in Agents (CPEV/A) and Cluster of Reefer Agent (CR) are 
located just above the agents assigned to each PEV and 
reefer. These clusters are generally located at medium and 
low voltage transformers and exclusively supplies clusters of 
PEV’s and reefers. The typical functions of agents include to 

aggregate demand response of PEVs, and reefers and 
forward it upstream relevant agents. Also, CPEV/A and 
CR/A forward pricing strategy obtained by PM/A to each 
supervised PEVs, and reefers, respectively. In addition, 
limitations signals transmitted from specific cluster agents, in 
case of technical violations, e.g. (Supplied power exceeds 
nominal transformer power)[70]. The concept of MAS has 
been applied for the optimization of electric vehicle charging 
station location in Valencia (Spain) [72]. 

 
FIGURE 1. Concept of a hierarchical structure of MAS based real-time control system for large ports [69] 

 

2)  INTEGRATED POWER SUPPLY CONCEPT 

The complexities and power requirements of modern ports 
have increased with the growth in the number of equipment. 
Integrated power from Maxim integrated and Siemens 
ensures reliable, efficient, intelligent, eco-friendly, and safe 
power supply to ports. It offers the key benefits of operation 
management and integrated digital monitoring by selecting 
extensive software. This concept also provides several key 
advantages, such as [73]: 
- Transparency in internal billing, systematic efficiency 

improvements, and predictive asset management;  
- Flexibility for increasing electrification, new power 

integration, e-mobility cargo handling, and intelligent 
reefer management; 

- Optimized power quality with the help of load 
management and optimal voltage & frequency 
conditions of operations; 

- Reduced CO2 emission with increased systematic 
energy efficiency. 

Its hardware ranges from low-voltage circuit breakers to 
land connection systems and entire microgrids. Recently, the 
concept of integrated power applied in the port of Nacala-a- 

Velha in Mozambique for a more reliable and efficient power 
supply is introduced in[29]. 

B.  TECHNOLOGICAL METHODS 

Due to technological advancements in power generation and 
distribution systems, different new eco-friendly technologies 
have been installed to replace diesel generators and enhance 
energy efficiency. Hence, these technical advancements lead 
to a decrease in GHG emissions and other particle pollutants. 
These advancements include electrifications, digitalization, 
onshore power supply, and energy storage systems [4]. 

1)  ELECTRIFICATION 

There are two main areas in the port for loading and 
unloading, specifically quayside and landside, where 
different types of cargo handling equipment are being used 
for other port operations [74]. In the quayside, mostly ship-
to-shore (STS) cranes and quay cranes (QCs) are used for 
handling the containers. While the landside/yard side has 
varieties of equipment based on the port structure [75]. Some 
types of equipment such as rail-mounted gantry (RMG), 
rubber-tired gantry (RTG), automated guided vehicles 
(AGVs), and yard tractors (YTs) are being operated for the 
port's handling purpose. Mostly, YTs and AVGs are used for 
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horizontal transportations of containers, while RMGs and 
RTGs are used for the stacking of containers [76]. In [74], 
the author has studied the environmental performance and 
energy efficiency analysis of four cargo handling equipment 
such as electric tire, tire transtainers, rail, and automatic rail 
in the port of Kaohsiung in Taiwan. According to this study, 
the author revealed that tire transtainers and automatic rail 
have lesser GHG emissions with high energy efficiency. In 
some cases, QCs are fitted with shuttles to overcome 
handling time. These unique designs of QCs have flexibility 
and high capacity as compared to conventional QCs. In 
horizontal port operations, AGVs have become more 
efficient, safe, and reliable. AGVs can be battery-powered, 
diesel-powered, and/or hybrid. It is suggested that to use B-
AVGs by charging the battery in off-peak hours. Fig. 2 
depicts the components of the net present value of AGV and 
variants of B-AGVs, where the results show that B-AGVs 
are more profitable than AGVs [77]. Generally, YCs are 
classified into RMG and RTG cranes. RTGs are manual with 
free movement, while RMGs can be both automated or 
manual. RMGs are also called automated stacking Cranes 
[78]. A comparative study by [79] between RTGs and E-
RTGs, to analyze the energy-saving and GHG emissions. 
This study revealed that E-RTG cranes are much better than 
conventional RTGs, offering 86.60%, 67.79% energy savings, 
and GHG emissions, respectively. Furthermore, E-RTG 
cranes have 30% less maintenance and repair costs as 
compared to conventional diesel-driven RTGs. 

2)  DIGITALIZATION 

Nowadays, various types of automated vehicles are being 
integrated into the existing systems by implementing digital 
technologies. These equipment include AGVs, IAVs, and 
QCs. The integration of AGVs in the existing systems has 
numerous benefits, including increased productivity, reduced  

FIGURE 2. Net present costs, including fuel costs, by AGVs[77] 
energy consumptions, labor costs saving, and environmental 
and human health safety [80]. The role of digital technologies 
in smart port is crucial to bridge the challenges such as port 
congestion, and orientation which are associated due to the 
increased number of ships, vehicles, and other equipment in 
ports. Digital solutions can identify, monitor, and aggregate 
the required data to support the environmental and 
operational efficiency of ports.  

These advanced digital technologies such as remote 
sensors and big data analytics help to reduce the CO2 

emissions, cost of operations, chances of system failures, and 
also helpful to information security, warehouse, and smart 
energy management as depicted in Fig 3. Furthermore, 
digital technologies, e.g., IoT, helps to monitor logistic 
operations and fuel utilization in the smart port [81]. 
Electronic data exchange is used for the proper facilitation of 
communications between shipping lines and port terminals.  

Sustainability 

High 

performance 

Carbon footprint

System failure Smart warehouse 

Smart energy 

Cost of operation 

Information security

 
FIGURE 3 Terminal automation with digital technologies  

 
The port of Rotterdam uses IoT for repair and maintenance, 

Hamburg uses 3D printing applications, the port of Singapore 
uses cloud computing and big data, Antwerp employs 
blockchains, and while the port of Los Angeles has offered 
digitalized information for all maritime sectors [82], [83]. A 
study was carried out by [84] regarding the green 
performance of intelligent autonomous vehicles. It is a new 
type of automated guided vehicle with some better features 
such as the ability to pick up/drop off automatically, 
maneuvering flexibility in 180-degree directions, no need for 
any fixed track, embedded with sensor technology to detect 
moving and static obstacles around. A relevant study by [85] 
and [86] found that automated lifting vehicles are more 
environmentally friendly than AGVs. In [87], the automation 
developed in QCs is discussed. These computerized QCs are 
equipped with two trolleys and can handle two or more 
twenty-foot equivalent units simultaneously. Many other 
digital technologies, e.g., robots and drones for warehouse 
management, are being aligned in automated terminals [88]. 
Presently, only one percent of ports terminal is fully-
automated, and two percent are semi-automated in the world, 
e.g., terminals in the ports of Melbourne, Los Angeles, 
Rotterdam, and Tanger-Med. Thus, traditional ports are 
expected to be fully digitalized in the near future [82]. 

3)  ONSHORE POWER SUPPLY 

Maritime shipping is considered the most fuel-efficient mode 
of transport, and about 90% of global trade depends on 
maritime shipping. Meanwhile, maritime shipping causes 
about 5-8% of global emissions; therefore, the sector has 
pressure and new regulations to reduce the GHG emissions 
for improving environmental performance. One of them is 
the application of an OPS in ports [89]. OPS is the process of 
connecting the ship to shore power instead of running their 
generators during berthing for the provision of electricity for 
lighting, heating, cooling, and other services mainly being 
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applied for cruise vessels and ferries due to their unusual stay 
at berth (up to 40%), and ferry calls  [90],[91]. Generally, 
onboard diesel generators generate this electricity, which is 
substituted by LNG or liquefied compressed gas (LPG). 
Though, all these systems are the source of GHG emissions 
as well as noise pollutions [92]. The connection and 
disconnections procedure of OPS is described in [93]. As 
most ships operate with 60 Hz electricity as shown in Fig 4 
whereas most terrestrial grids have 50 Hz, so the Hitachi 
ABB power static frequency converters can be very helpful 
for the adjustment of the ship with the required frequency 
[94]. Recently, Siemens has built Germany's largest shore 
power system at the port of Kiel, with 16 megavolt amperes 
which are capable of supplying two ships simultaneously, 
and will help to reduce more than 8000 tons of CO2 emission 
annually [95]. OPS is being applied in different seaports in 
the world, and it is mandatory in some cities such as 
California. Meanwhile, Europe has decided to provide OPS 
in all seaports till the year 2025 [89]. 

In [96], a comparison between speed reduction and OPS 
for emission reduction at ports has been described & 
conclude that OPS is better than speed reduction as speed 
reduction leads to an increase in black carbon. However, the 
OPS decreases the black carbon as well as GHG emissions 
simultaneously. Meanwhile, an economic comparison 
between OPS and marine fuel shows that OPS is beneficial 
for those countries with diverse ports where the price of 
electricity is less than fuel [96]. With the development of the 
advanced OPS technology, CO2 emission is decreased by 
99.5%, 85%, and 9.4% in the cruise port regions of Norway, 
France, and the US, respectively [97].  The Stena Line is one 
of the world's largest ferry operators, which has upgraded its 
existing shore-to-ship power system with a wireless shore-to-
ship power connection developed by ABB at Stena Ro-Ro 
terminal of Hook of Holland [98]. Likewise, Wartsila has 
developed an innovative concept of wireless charging from 
shore with key benefits of safety, reduced maintenance, and  

 

 
FIGURE 4 Frequency of different types of ships [99]  

FIGURE 5 Power demand of different types of ships [100] 
increased charging time. With this concept, a frequency 
converter is used to transform the 50/60 Hz 3-phase system 
into AC voltage with an output of several kHz. This voltage 
feeds a sensing coil unit located on the shore side, while the 
receiving coil unit is mounted onboard the ship. The high-
frequency voltage is then converted into DC voltage. More 
than 2 MW of energy can be transferred between coils within 
distance ranges from 150 and 500mm [101]. The main 
challenges for the implementation of shore power suggested 

by [102] are high installing costs, different requirements 
(cables, connectors, voltage, frequency, etc.) for various 
ships, system design requirements, and the no standardized 
global regulations exist for OPS yet. The power demand of 
the ship is shown in Fig. 5. 

4)  ENERGY STORAGE SYSTEMS 

Integration of ESSs contributes to fuel-efficient operations 
through load-leveling optimization, which leads to reduce 
GHG emissions and energy costs [103]. It integrates and 
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balances the renewable energy generation for storing or fed 
back to the main grid, as solely dependence on renewable 
energy is problematic due to fluctuated power supply to the 
local grid. Leading energy storage systems are 
supercapacitors, flywheels, and batteries. ESSs can be 
installed on cargo handling equipment to reduce 20-50% fuel 
consumption. A study performed by [104] suggests that 
energy storage systems(HESS) for cargo handling equipment 
will results in approximately 57% energy consumption 
reduction as compared to conventional cargo handling 
equipment. The use of hybrid cranes is increasing with the 
increase of global marine transportation [79]. These typical 
cranes have great potential to recover energy from hoist-
down and braking operations with the applications of energy 
storage systems. Two different approaches can be used to 
recycle the recovered energy. Either sending the excess 
energy to the main utility grid or recycle it via any energy 
storage systems like batteries/flywheels/super capacitors 
[105]. Similarly, the integration of HESS like 
electrochemical batteries (Lithium-ion) and supercapacitors 
or flywheels for on-board energy storage in RTGs leads to 
many benefits such as reduced fuel consumption, GHG 
emissions, and increases the engine life by reducing the peak 
power demand. Recently, Hyster has launched a new Hyster 
J155-190XNL forklift integrated with a 350-volt lithium-ion 
battery and with a lifting capacity of 15500-19000 pounds. It 
also has older versions, "All trucks have heavy-duty 
applications, fewer maintenance requirements, and provide 
zero-emissions said," Martin Boyd, vice president [106].  

C.  OPERATIONAL MEASURES 

The operational measures for energy efficiency cover the 
procedures that emphasize on energy-aware design of 
operations in the ports. The purpose of energy-aware 
planning is to reduce energy utilization and processing time 
interval of equipment by operating the equipment in the off-
peak hours and optimize the operations by considering 
energy prices [4]. 

1)  ENERGY-AWARE OPERATIONS 

The operating efficiency of the port depends on the 
management of available resources [107]. Within this study, 
energy-aware port operations will be focused on. Container 
ports have three main functions, namely yard side, quayside, 
and landside [108]. On the yard side, the main focus is the 
planning of container transportation and stacking. From the 
perspective of energy-aware operations, many problems 
related to yard allocations and yard handling equipment are 
considered [109]. In [110], the energy consumption and 
scheduling of YCs have been studied. [111] expresses the 
automated container terminals' attention toward energy-
aware methods, and an analytical control model developed 
for the stabilization of energy utilization of AGVs with QCs. 
Similarly, a hybrid automation method is used to mimic the 

separate event and dynamics. The recommended procedure 
achieves a similar makespan with minimum energy 
utilization since the method allows vehicles to reduce speed 
in the yard [112]. The energy consumption behavior of 
AGVs and ASCs have been studied in [112], where the 
results show that 65 kWh energy can be consumed for the 
loading of 90 containers. Energy-efficient scheduling for 
YCs, YTs, and QCs, and their energy utilization behavior is 
deliberated in [113]. The conventional container terminal 
follows the single-cycle operations, where QCs, YTs, and 
YCs make the empty travel after loading or unloading the 
vehicles, while in the modern port system when these 
mentioned cranes perform a loading activity and an 
unloading activity for another vehicle without any empty 
travel, this is known as dual cycle operations. These cycle 
operations are evaluated for YCs, YTs, and QCs. Results 
show that dual cycle operation reports better energy saving 
than single-cycle operations [114]. 

In [115], formulate the integrated berth allocation and QCs 
assignment issues with energy utilization. The trade-off 
between energy and time-saving in the QC operations is 
explained in [116]. In [117], the authors described the 
operational and non-operational energy intake of QCs in 
detail. Operational energy utilization is counted as the 
number of moves/hours with the energy use during loading 
or unloading. Meanwhile, non-operational energy utilization 
is about lighting and auxiliary units. Besides, efficient 
scheduling of water-born AGVs for inter-terminal cargo 
routing leads to effective energy utilization [118]. 

Advanced container terminal operating system software 
such as crane optimizer, yard optimizer, and truck scheduler 
is being used for port terminal optimization to reduce energy 
costs and harmful emissions. Crane optimizer increases crane 
productivity with improved service quality, while yard 
optimizer helps to optimize the yard allocation and storage 
area utilization. Similarly, a truck scheduler helps to reduce 
the truck idle time by optimizing information accuracy and 
flow [119],[120]. 

 

2)  PEAK-SHAVING 

The use of electrified equipment is increasing in ports due to 
their economic and efficient behavior. This leads to high 
electricity consumption at certain periods. Peak shaving 
becomes an essential operational strategy to decrease peak 
power utilization in the port area [121]. Fig. 6 shows the 
various procedures that may level the load profile curves: 
a. Load shifting; to shift energy demand from peak to off-

peak periods. 
b. Power-sharing; use of stored energy during peak 

energy demand. 
c. Load shedding; switching off non-critical loads during 

peak hours.  
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These methods of peak shaving can be implemented to 
ensure successful maneuvers of reefer containers, QCs, and 
electrified equipment [121]. This strategy, in turn, decreases 
the variable cost of power utilization as the tariff of the 
variable cost depends on peak power utilization. Almost 25% 
to 30% of monthly electricity bills may be attributed to a 

higher tariff [122]. The STS cranes are one of the significant 
energy users in the port, which inspires the authors in [121] 
to suggest minimizing the numbers of QCs for the concurrent 
lifting of containers as QCs synchronization lessens the 
energy utilization during peak hours. 

 
FIGURE 6. Methods of peak-shaving [4] 

 
[122] and [123] proposed the application of the peak-shaving 
method for QCs with twin lift and dual hoist technology. The 
energy storage system and coordination of cranes duty cycles 
are two main operational and technological tools for peak 
shaving. Hence, the simple postponement of only 21s of start 
point between two cranes dramatically reduces the maximum 
peak of group demand and level the total load profile curve. 
According to the solutions mentioned above for energy 
savings, only a 2-minute delay is registered during each 
operation without considerable time losses where it decreases 
a significant amount in power bills. These savings can be 
utilized during peak hours by reducing the peak energy 
demand. The analysis indicates that the life cycle of ultra-
capacitors and flywheels are 10 and 20 years, respectively, 
with a seven-year payback period. The reefer containers 
consume about 30% to 45% of total port energy utilization; 
therefore, peak shaving applications are very beneficial to 
reduce energy consumption during peak hours [124]. 

IV.INFRASTRUCTURE OF MODERN PORTS 

A seaport is a maritime facility that comprises equipment, 
space, and passengers. Early ports acted as a simple harbor 
while modern seaports are regional multi-modal intersections 
of global supply chains, and tend to be distribution hubs of 
transportation that link to sea, river, canal, rail, road, and 
airports. Here authors focused on the infrastructure of 
modern ports.  

A.  PORT MICROGRID 

A microgrid (MG) in every sense is a small-scale system 
located near the consumer. In other words, the 
interconnections of small generations to low-voltage 
distribution system known as MG [125]. This latter can be 
operated in grid-connected mode or/and islanded mode with 
different sources. These sources may be produced from wind, 
solar, biogas plants, ocean energy, hydropower units, and 
diesel generation units. The energy storage system is 
sometimes included to enhance their sustainability and 
efficiency. An MG can help to reduce the cost of network 
connection, line losses and provide high-energy efficiency. 
Furthermore, MG may help to enhance reliability, reduce 
emissions, provide the lowest investment costs, improve 
power quality as well as reduce distribution power 
losses[126]. 

Due to the considerable growth of maritime transportation, 
environmental issues are also increasing dramatically. To 
overcome the health and ecological effects of the maritime 
sector, the European Commission emphasized the 
implementation of shore-side power as an initial solution. 
Besides this, the port authority must be in line with the 
concept of an All-Electric Ship. The applications of shore-
side power are still facing many technical challenges of 
power supply demand, frequency level, and voltage 
differences in the shore and shipside. So the integration of 
microgrids in conventional seaports is the first step toward 
future green ports [127], [128]. 
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FIGURE 7. The topology of seaport microgrid [129] 

 
The author in [130] assesses the concept of a port 

microgrid for port energy management. The purpose of the 
port microgrid is to improve the integration and distribution 
of renewable energy into the primary utility grid. Moreover, 
in [131], the authors have stated that the port area is a unique 
territory, where port authorities can achieve quality, 
reliability, and save energy by applying new energy 
management techniques. In [46], a case study of two 
European ports has been discussed, where the port of 
Hamburg(Germany) and the port of Genoa(Italy) both have 
successfully applied microgrid technologies.  

The topology of a port microgrid is shown in Fig.7, where 
the power supplied to this port is produced by various RESs 
as well as the main grid. The primary function of the port 
microgrid is to improve the operating behavior of the port 
functions [129]. The large increase of integrating the RESs in 
MGs and (MGCs) microgrids clusters results in increasing 
the requirements of control strategies. The multi-agent-based 
control strategies are very beneficial for the balancing of 
power, stabilization of voltage and frequency, and achieving 
economic coordination in MGs and MGCs [71]. The 
operation and control of MGs and MGCs are very different 
from conventional power systems due to the characteristics 
of power electronic converters. In the meantime, MG must 
achieve the balance between supply and demand to maintain 
the stability of voltage/frequency, whether it is grid-
connected or islanded mode. To effectively manage these 
issues, techniques of hierarchical control have been 
suggested [132]. The key factors of MGs deployment and 
development in the US(United States) have been their 
perspective to improve resiliency, reliability of critical 
facilities such as communications, waste treatment, 

transportations, drinking water, food, health care, and 
emergency response infrastructure [133].  

Consequently, the US has been exploring the feasibility of 
extending the MGs beyond critical facilities to serve the 
communities. In Europe, climate change and the integration 
of renewable energy into the main grid have been a challenge 
for microgrid activity [134]. MGs have the flexibility to 
integrate the intermittent distributed renewable energy into 
the main grids and also allows for the local balancing of 
supply and demand [56]. The potential benefits of MGs in 
Sea-ports can be bundled into four main categories; 
economic, environmental sustainability, reliability, and 
energy security [135]. 

B.  SEAPORT SMART MICROGRIDS 

A smart grid in every respect is an electric power system, 
which comprises different advanced technologies, including 
communications systems to control and manage the 
production and distribution of electricity efficiently. The 
European Regulatory Group for Electricity and Gas defines 
the smart grid as an electricity network that can cost-
effectively integrate the behavior and actions of all connected 
users [126]. Hence, ensure better efficiency, fewer power 
losses, and a high level of quality and security. The concept 
of a smart grid is characterized by; consumer-friendly, self-
healing, optimized asset utilization, resistance to physical & 
cyber-attack, robust communications, eco-friendly, better 
energy safety, and improved efficiency and reliability. The 
illustration of smart energy management at the port is 
depicted in Fig.8. In this figure, there are five energy demand 
sources, such as a ship, quay cranes, warehouse/reefers area, 
charging station, and RMGs. These loads are connected to 
the smart energy management system with the help of smart 
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communication devices. Three energy sources are solar 
panels, wind turbines, and utility grid supply, and energy 
storage systems. The intelligent energy management system 
efficiently monitors the power via communication systems 
using appropriate advanced control methods [136]. The road 
map of the port’s smart grid, including the initial stages of 

energy balancing, equipment load analysis, smart grid 
benefits, and scenario analysis, have been discussed in detail 
in [137]. These initial stages help for examining daily 
fluctuations of RESs, optimization of peak-shaving, energy 
storage planning, and costs and tariffs management. 
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FIGURE 8. An illustration of smart energy management at the port 

 
MGs play a vital role in the development of the smart grid 

concept as an MG is a piece of a large grid, which involves 
nearly all components of the main utility grid. However, a 
smart grid took place in larger utility such as high 
transmission and distribution lines, while MGs are smaller 
scale and can operate independently from a large utility 
power grid. In [138], the authors define port sustainability as 
"A sustainable port where port authority together with port 
users, proactively and responsibly, develops port operations, 
based on an economical green growth strategy". The port 
energy sustainability can be achieved by applying the 
concept of green/smart port [139]. 

C.  CHARGING STATIONS IN MODERN SEAPORTS 

The stringent emissions rules set by the International 
Maritime Organization and EU force ships and port 
authorities to constrain their environmental pollution within 
targets and enable them to employ RES [140]. To achieve 
this, port grids are shifting towards RESs to tackle the growth 
of onshore power supply as well as shore charging stations 
for cruise vessels and ferries [141]. These modern ships help 

to reduce fuel consumption and GHG emissions by 
approximately 10-35% by using advanced control strategies. 
These vessels will need charging stations in the port area for 
frequent recharging of batteries. Therefore, the port 
microgrid must be aligned to accommodate the shore 
charging facilities, especially for hybrid, and cruise vessels, 
and ferries in addition to onshore power supply applications 
[142]. 

The basic block diagram of DC fast-charger power stages 
is shown in Fig.9. It comprises two conversation stages from 
three-phase AC/DC and DC/DC with galvanic isolation. The 
AC/DC rectification stage contains the power factor 
correction circuit, which ensures the power quality 
requirements, meanwhile the DC/DC stages provide the 
galvanic isolation between the grid and the EV and also helps 
to incorporate parallel connectivity at the charger output 
stages. Charging for batteries is divided into two main 
categories slow and fasting charging, which have different 
time-domain for recharging the batteries usually 8 h or more 
for the former and 1 h or less for later. There are different 

 
FIGURE 9. Basic block diagram of DC Charger 
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charging methods for batteries such as multi-rate constant 
current, constant current-constant voltage (CC/CV), pulse 
charge, boost charge, fuzzy, and boost logic control. The 
most popular method for charging lithium-ion and led acid 
batteries is CC/CV charging [143]. 

Recent development towards port electrification is the 
most prominent solution toward zero-emission. Many 
countries with long coastlines are currently planning for 
significant emission reductions in their ports area, and trying 
to develop plugged-in battery-powered ferry operations and 
also the extension of related infrastructure. For example, 

Norway has taken serious actions, they are producing almost 
98% of electricity from RESs, mostly hydropower. In 
Norway, significant governmental regulations and 
corresponding industrial efforts have been recently dedicated 
to reducing the GHG emissions from marine transportation at 
the domestic level. It is also at the forefront of electrifications 
of ferries and other port infrastructure. it is expected that 
Norway will have 22 battery-powered ferries by the year 
2022 [141]. An overview of some recent plugged-in-battery 
powered/fully-electric vessels are enlisted in Table II.

TABLE II  
LIST OF SOME LATEST PLUGGED-IN MARINE VESSELS 

V.    NASCENT TECHNOLOGIES IN SEAPORT 

The growing size and volume of containers, ships, and other 
equipment bring many challenges such as congestion and 
orientation in the ports. The applications of nascent 
technologies, e.g. IoT, RFID, Artificial Intelligence, Big data, 
and Cloud computing offer great opportunities in ports. In 

this context, the smart port has emerged and they use nascent 
technological solutions to increase efficiency and improve 
security and environmental sustainability [152].  

A.  SMART PORT 

The concept of a smart port is to focus on methods and  

TABLE III 
 SOME GLOBAL PORTS WITH SMART PORT INITIATIVES 

Continent Country Port Reference Features 

Asia China 
 
 
 

Shangai 
(Yanshan port) 

[153] Port has implemented automated container terminals with remotely 
controlled RMGs, AGVs, and bridge cranes 

Tianjin port [154] Enhanced the integration of new technologies such as big data, 5G 
technologies, and artificial intelligence.  

Singapore Tuas Megaport [155] Working on the implementation of automated yard functions and wharf as 
well as fully-electric AGVs. 

America USA Los Angeles [156] Integrating shipping data across port eco-system with data analytics to 
increase supply chain performance through real-time data. 

Long Beach [157] Port of Long Beach has invested almost 185Millions in the development 
of port infrastructure, especially shore power. 

Europe Belgium Antwerp [158] Implemented the use of blockchain technology to improve security among 
competing parties for digital exchange, also using digital cameras and 
sensors to ensure correct ship berthing and preventive maintenance. 

Germany Hamburg [159] Real-time monitoring of navigation, shore power supply from renewable 
energy, and use of mobile GPS sensor for fleet management. 

France  Le Havre [160] Focusing on several projects related to energy management, energy 
efficiency, traffic monitoring and coordination, and air quality 
improvement.  

Spain Barcelona [161] Storm forecasting system, and cargo environmental footprints 
quantifications.  

Netherland Rotterdam [162] Use of IoT for the optimal conditions of ship berthing. 

Vessel Name Type Year Country Battery Capacity Manufacturer  Ref. 

MV Hallaig Hybrid ferry 2013 United Kingdom 700 kW Ferguson Shipbuilder [144] 

MF Ampere All-electric ferry 2015 Norway 1040 kW Norled AS, Shipyard 
Fjellstrand, and Siemen 

[145]  

Vision of the Fjords Hybrid ferry 2016 Norway 600 kW Brodrene Aa [146] 

The Elektra Hybrid ferry 2017 Finland 1000 kW Siemens [147] 

Color Line Hybrid ferry 2019 Norway 5000 kW Ulstein Shipyard [148] 

Ellen All-electric ferry 2019 Denmark 4000 kW Ridzon, Poland [149] 

Catamaran All-electric ferry 2020 Thailand 174-192 kW Danfoss [150] 

Festoya Hybrid ferry 2020 Norway 1582 kW Remontowa Shipbuilding SA [151] 
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strategies being applied to decrease the environmental 
impacts and also to increase the economic interests of the 
ports [163]. [21] defines a smart port as a port that is well 
equipped and enhanced with technological innovations. In 
more detail, a smart port is an automated port where all 
devices are connected with the IoT, advanced sensors, 
cloud/fog computing, RFID, and big data technologies. All of 
these technologies are supported by various networks and 
information technology (IT) infrastructures, such as Wide 
Area Network, Local Area Network, and other positioning 
systems. A smart port is also helpful for the flow of traffic 
and trade to optimize port activities by using intelligent 
solutions. These advanced technologies can work together 
efficiently. Meanwhile, the KPI's and criteria of the smart 
port has discussed in [164]. The authors have described the 
smart port concept in terms of the dimensions of operations, 
energy consumption, and environmental impacts at the port 
area. Table III depicts some global ports implementing smart 
port projects. Five main features to distinguish the smart port 
are [20]: 
- Use of technologies such as data center, 

communications, networking, and automation.  
- Cluster management, such as shipping companies and 

their stakeholders, expanded worldwide. 
- The use of smart technologies leads to increase energy 

efficiency and reduce GHG emissions.  
- Development of hub infrastructures to raise partnership 

among various global ports.  
- Smart port services, such as vessel and container 

management. 

B.  IoT APPLICATIONS IN FUTURE SEAPORTS 

The maritime sector has been indispensable for the prosperity 
and economic growth of the world. For example, 
approximately 74% of European goods are transported 
through the Sea. Due to the rapid development in the 
worldwide seaborne trade, there have been creating problems 
of sea traffic congestion, maneuverability limitations, lack of 
efficient navigation systems, increased emissions, and lack of 
efficient communication systems between ships and ports. In 
order to tackle these issues, ports are trying to take benefits 
of IoT technologies. With the help of IoT principles, 
objects/things/devices are being transferred from 
conventional to smart technologies [165]. Smart devices lead 
to several specific applications in the port area, as illustrated 
in Fig.10. 

The truck appointment system (TAS) is an advanced 
technology for queue management, mostly used in different 
sectors such as medical appointments, vehicle inspections 
center, border crossing, etc. It is typically being used in 
modern ports to regulate traffic and to reduce port congestion. 
TAS is currently being applied in many European ports such 
as Valencia, Haminakotka, Gothenburg, Antwerp, and 
Gdansk [166], [25].  
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FIGURE 10. IoT applications at ports 
 

Other promising IoT applications, such as PORT MOD 
and RTPORT, in which PORT MOD is a visual and 
stimulating tool for container terminal operations. It is a 
stand-alone Java program that addresses the container 
handling challenges. PORT MOD helps to identify 
inefficiencies and bottlenecks in container flow, crane 
operations, straddle carriers, and correct estimation of 
machine pooling during loading and unloading processes. At 
the same time, RTPORT is a real-time control module 
supported by 5G that helps in smart terminal operations. The 
core purpose of RTPORT module is to provide a full-fledged 
automated cargo terminal management system by using 5G 
networks. This tool was tested in the port of Livorno for the 
first time, where they found that proper usage of RTPORT 
with 5G technology leads to energy efficiency and improves 
environmental impacts due to optimized real-time cargo 
management services.  

Cargo flow optimizer is also an optimization tool for 
rail/ocean/inland waterways cargo flows. This tool is applied 
in the port of Antwerp, which facilitates an overview of the 
most efficient connections from the hinterland to the port 
[167]. The optimized prediction of cargoes will contribute to 
planning and controlling the terminals that ultimately lead to 
reliable and resilient operations. The continuous growth in 
container transport volume and increased vessel size 
resulting in port congestion, queuing, delays, and dwell of 
cargo and ships in the ports [38]. Consequently, to solve this 
significant challenge, the port of Valencia has started a Just-
in-time(JIT) rail shuttle service by the name of the Valencia 
Zaragoza-rail corridor to increase rail transport services. JIT, 
rail shuttle services implementation will help to minimize 
handling costs, improved rail infrastructure, reduce container 
dwell time, and improve logistics chain communications 
among ports. Besides this, the energy assessment framework 
and asset predictors are IoT tools to manage assets and 
energy. The energy assessment framework is cost-effective 
and a roadmap for reducing port environmental impacts. It is 
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being applied at the port of Piraeus, to investigate the cost-
effective integrations of renewable energy with ESSs in the 
port. Asset predictor is a machine learning and optimization 
tool for the well-organized use of port resources [168]. It 
helps to predict imbalanced classification problems by using 
machine learning algorithms.  

Finally, the brokerage platform is another promising 
feature being developed in modern ports. It is a cloud-based 
marketplace for exchanging and leasing intra-port assets 
[166]. It is being exercised in the port of Antwerp. 
Marketplace solutions facilitate the optimized utilization of 
specialized equipment in the ports such as cranes, chassis, 
barges, and wagons, etc. Enhanced planning of equipment 
and service will result in a shorter time of container staying at 
the port and better yard utilization. 

V.  CONCLUSIONS 

The port area is a large consumer of energy and a GHG 
emitter. The challenge of climate change and GHG emissions 
reduction is not limited to one port due to their distinct 
features. Moreover, there is no specific global criteria for port 
decarbonization. In this article, different challenges, energy 
efficiency measures, modern infrastructure and applications 
of nascent technologies in seaports have been presented. An 
overall background on challenges in ports was presented first. 
Then, typical techniques and energy efficiency measures 
were presented. Novel trends of technological methods were 
also detailed, such as electrification, digitalization, OPS, and 
applications of ESSs. It is observed that, the use of ESSs is 
becoming crucial to provide electricity in peak periods. 

Although proper regulatory policies present a promising 
pathway to decarbonize the port sector and improve 
efficiency, the actual implementation is still limited. 
Similarly, ports modern infrastructure (i.e. port microgrids, 
seaport smart microgrids) and applications of nascent 
technologies (i.e. IoT, big data, cloud computing) can play an 
important role to reduce GHG emissions and improve energy 
efficiency. We suggest that proper policies development and 
incentives must be provided to purchase smart technologies 
associated with port energy efficiency improvement. In the 
future, there is great potential to improve energy efficiency 
with applications of ESSs and nascent technologies such IoT 
in ports terminal operations.  
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