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ABSTRACT 

Managing the seaport system according to the model of balancing between environmental fluctuations and 

economic development needs is a strategic trend in seaport development. The energy efficiency management 

solution is considered critical to meet stringent regulations on minimizing environmental pollution from port 

facility operations. Furthermore, the increased monitoring of port system operating strategies as well as 

technological solutions for energy use has attracted enormous concerns. An inevitable trend, models of low carbon 

ports or green ports are being widely deployed in countries with the sea. Prominent is the use of sustainable energy 

models (such as LNG fuel, hydrogen, and biofuel, ...) to replace traditional energy models. Also, grid systems and 

energy consumption metering with integrated intelligent algorithms is an indispensable choice in the energy 

management system. In that context, this paper conducts a review on energy management systems for sustainable 

energy production, storage and conversion, and smart grid management systems towards the development of a 

green seaport system with optimal operating efficiency and environmental protection. Analysis of relevant 

documents has revealed gaps and research directions on sources, technologies, and policies for energy system 

management at seaports to improve energy efficiency and agree to environmental sustainability criteria that offer 

many opportunities for researchers and policy makers. 
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INTRODUCTION 

Globalization and internationalization have fueled the continued growth of trade and freight transport. Maritime 

logistics accounts for over 85% of goods traded between countries. That means ocean freight and ports play an 

essential role in global logistics operations. There has been an increase of 1.8% per year on average in the energy 

demand of international shipping, including seaports during the first 20 years of the 21st century [1]. The sudden 

appearance of the Covid-19 pandemic has forced countries to blockade on a large scale, which has caused global 

GDP and goods trade in 2020 to decrease by over 4% [2]. Figure 1 clearly depicts the sharp decline in the volume 

of container cargo cleared at seaports, which has decreased by 5.1%. Accordingly, energy costs at seaports have 

also dropped sharply, and unsustainable energy efficiency has revealed many weaknesses during the pandemic in 

seaports with unsustainable and unintelligent energy management systems [3]. On the other hand, smart ports and 

4.0 have promoted advantages in dealing with the challenges of the epidemic to maintain port efficiency. The 

more increasing the energy demand is, the higher the energy expenses, contaminants, and GHG emissions are.  

For ports and terminals, energy costs can be substantial overhead, so if these expenses are reduced, it can bring 

valuable cost reduction [4]. Reduction of emissions makes direct contributions to the sustainability and green 

perspective of ports [5, 6].  

Energy efficiency primarily means providing the same services with less energy use, and it is often associated 

with the use of renewable and environmentally friendly resources for these services. For ports and terminals aimed 

at reducing energy consumption (accordingly emissions) and becoming greener, energy efficiency is important. 
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In October 2014, European Union countries agreed to a goal of increasing port efficiency by 30% and increasing 

the share of renewable energy use to 27% in the region's ports [7].  Because there is a large number of ports nearby 

cities worldwide, because of port policy makers and port societies, sustainability and climate-friendly policies 

have been shifted from perception to practice [8]. Goals of minimizing GHG emissions in harbor waters, yards 

and inland areas to promote sustainability and the green perspective are about to be presented in regulations [4, 

9]. Reduction of pollution is a direct result of energy efficiency, machinery electrification, the use of alternative 

fuels and renewable energy sources. Together with operational efficiency, these aspects make up a large part of 

the next generation definition for the port [10]. 

 

Figure 1. Marine trade and port cargo traffic in 2019 [1] 

Technological advances in power generation, storage, distribution, conversion, and consumption greatly affect 

energy efficiency [11, 12]. Numerous parts including batteries, distributors, and converters are included in energy 

systems that are used in ports. Those new methods improving the grid intelligence and new devices (including 

flywheels, supercapacitors) are designed to efficiently store energy will further enhance energy efficiency [13, 

14]. For example, improved energy management for port facilities can contribute to a reduction in the energy 

consumption of cranes and hoists at ports. Furthermore, integrated cruise control and optimization have enhanced 

the performance of port facilities. Intelligent power distribution systems can boost energy efficiency in the reefer 

area. Advances in technology also make a great contribution to the efficiency of fuel consumption. Energy 

efficiency at seaports has been greatly increased as energy automation and digitalization strategies have been 

implemented in depth. Furthermore, the newly integrated innovative and alternative technologies for utilizing 

renewable and alternative energy sources have provided many opportunities to improve energy management 

systems at ports [15].  

More interestingly, the energy management system at seaports has been improved through the application of smart 

grid management systems with Internet of Things integration. The synchronous implementation of leaps and 

bounds of the new generation technology revolution into energy management has opened up new opportunities 

for realizing the goal of building smart and green port systems of many countries [16]. Furthermore, advanced 

technologies and optimal solutions have enhanced the ability to accurately calculate and predict the real-time 

energy consumption of port processes. Real-time display of consumption indicators helps operators and managers 

to operate the energy system flexibly and optimally. That has prompted port managers to agree to commitments 

on CO2 emission reduction because it is possible to reduce greenhouse gas emissions from energy consuming 

activities [17, 9]. 
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However, in ports and terminals, energy efficiency (consequently GHG emission reduction) is not 

comprehensively reviewed. Davarzani et al.[18] discusses a bibliometric analysis that maps the patterns of 

cooperation and study clusters on greening ports and maritime logistics. The reason is that operational methods, 

technologies, and energy management systems are completely discussed, and the energy efficiency obtained 

through these steps is quantified and compared [15].  This work conducts a review on energy management systems 

for sustainable energy production, storage and conversion, and smart grid management systems towards the 

development of a green seaport system with optimal operating efficiency and environmental protection. Analysis 

of relevant documents has revealed gaps and research directions on sources, technologies, and policies for energy 

system management at seaports to improve energy efficiency and agree to environmental sustainability criteria 

that offer many opportunities for researchers and policy makers. 

ENERGY MANAGEMENT IN PORTS 

Management for sustainable energy sources 

Alternative fuels 

Shipping has been making great strides in global trade. However, shipping activities contribute up to 20% of 

greenhouse gas emissions, of which seaports also participate in up to a fifth of which in terms of GHG. The goals 

for the sustainable development of the seaport system have been signed by the member states of IMO [19]. To 

meet the greenhouse gas reduction targets at seaports, the first proposed solution is to find alternative fuel sources 

that are more sustainable. Alternative fuels have been studied since the late 20th century, prominent among them 

being biofuels, liquefied natural gas, compressed natural gas, hydrogen fuel, alcohol-based fuels, and fuel cells. 

Moreover, the use of alternative fuels at seaports can also use renewable fuel sources such as solar energy, wind 

energy, tidal energy and geothermal energy. The use of alternative and renewable energy sources has been seen 

as the fastest and more sustainable way to reduce GHG emissions Regulations on reducing SOx emissions came 

into effect from 1 January 2020 for ships operating on international routes, the trend of using LNG fuel on ships 

has widened. As a result, seaports have restructured their energy supply systems to be able to use LNG and supply 

LNG to ships that dock [20].  

In that shifting trend, leading seaports in Europe have deployed LNG for large energy-consuming equipment such 

as a giant crane system in the cargo handling area [21]. The estimated reduction in CO2 is 16%, with emissions 

of NOx, for LNG-based terminal tractors. In comparison with fossil fuels, using LNG is assumed to reduce CO2 

by 25% by [22].  In addition, prioritizing the use of tractors equipped with LNG or dual fuel LNG-diesel engines 

has been included in the port's energy targets [21]. Then, in the SEA terminals project funded by the EU [21], 

LNG and LNG dual-fuel are carried out as prototypes. Eventually, Valencia Harbor uses LNG fueled engines with 

green efforts projects [23, 24]. The number of ships using LNG as fuel is growing rapidly, and an increasing 

number of infrastructure projects are planned or proposed along major shipping routes. More than 900 LNG-

fuelled vessels were in operation and registered worldwide as of early 2020 [21, 25]. However, the biggest 

pressure is on building LNG storage systems, which requires planning. infrastructure ports. The choice of bunker 

options will depend on the regulatory framework, local conditions, costs, and operating conditions. The type of 

vessel and the size of the fuel tanks on board will greatly increase the bunker method and LNG conversion rate 

required at ports. Clean fuels which are a mixture of biofuels (30%) and the currently used diesel fuel are presented 

by the Port of Rotterdam [26].  

In 2016, this place became the largest biofuel import and export center in the world, with over 4.8 million tons of 

biofuel being traded. Biofuel was used as much as possible to power the lifting system and the trailer [27]. In 

addition, the increased use of energy converted from waste treatment and recycling processes at seaports has 

brought many effects in improving the environment. The fuel sources from the waste pyrolysis process are 

combined with biofuels to serve the engines on the tractors [28]. The trend of using hydrogen fuel for energy-

consuming activities at ports is attracting much attention. McDowall and Eames [29] illustrated two instances 

from Germany, Hydrogen fuel was used in the dual-fuel engines fitted to the tractors at the port of Hamburg, 

hydrogen was used to manufacture the fuel cells that were installed on the forklift system. Moreover, this trend 

has also been implemented at the Port of Bremerhaven. The innovative forklifts have been fitted with a hybrid 
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propulsion system consisting of a hydrogen-powered engine and a fuel cell [24]. More interestingly, at The Port 

of Los Angeles and the Port of Long Beach, the main propulsion systems for powering port operations have 

adopted commercial hydrogen fuel and fuel cell strategies[30]. Obviously, using hydrogen fuel has huge 

environmental benefits. However, the technological challenges of converting and using hydrogen are enormous, 

and storing this clean fuel is very difficult and requires high costs. Therefore, this is still a potential development 

trend but also many challenges when applied to seaports [31]. 

Renewable energy 

Another type of energy that is considered sustainable is renewable energy. The trend of using renewable energy 

in seaports is increasing globally. Published studies often focus on the technical and environmental criteria of 

renewable energies with little regard for economic and social criteria. That has made the implementation of the 

goals of developing a sustainable seaport system facing many challenges. Therefore, studies on the integrated 

combination of socio-economic-technical-environmental factors are essential when considering the use of 

renewable energy sources at seaports [32]. The number of ports using solar energy in the Pacific region is 

increasing. With the advantage of high sunshine hours, coastal countries in this region have been integrating and 

expanding the solar energy system into the main energy system of the port [33]. Besides, wind energy is also 

getting more attention because it has less impact on the environment after the end of service life in comparison 

with solar energy [34].  According to the history of human development, the process of forming renewable 

energies can be listed as solar lights, winds, tides, waves, and geothermal heat [35].  

Other studies shows the significance of renewable sources in founding a sustainable port [36, 25]. Renewable 

energy sources are utilized in increasing the quality of port worldwide. Indeed, “the percentage of energy from 

renewable resources” is considered as a KPI evaluation criterion on the sustainability of seaports [35, 37]. 

According to research by Schwientek and Jahn [38], they have designed an integrated photovoltaic system on the 

roofs of cold storage facilities at ports. The energy obtained from the system was supplied to the equipment and 

machinery operating the warehouse, especially to supplement the heating system. Other study on integrating solar 

and wind energy replenishment systems at the port of Chennai in India have been carried out [28]. As a result, the 

efficient use of renewable energy in port depots has improved environmental sustainability indicators [39]. 

Regarding the solar outlook, projects to deploy solar PV systems on the roofs of cold storage and warehouses at 

Singapore's Jurong Port have revealed that the generated electricity output is 12 million kWh per year for each 

model [40]. The above study also comprehensively assessed the technical-economic relationship in the life cycle 

assessment of solar energy at the port.  

The significance of renewable energy [41], especially onshore wind energy, solar energy, and geothermal energy, 

for German ports, is demonstrated in the report on the German maritime sector [42]. In Hamburg Port, more than 

20 wind turbines with a capacity of 25.4 MW were installed and seven new turbines are intended to be installed 

in 2017. The electricity generated from the integrated photovoltaic system on the roof of the warehouse at the port 

of Hamburg was recorded as 500 MWh [25]. In addition, modern and smart seaports have been constantly piloting 

other forms of renewable energy such as wind [43], tidal [24], wave, and geothermal energy [25]. Moreover, the 

combined heat and power plants that have been applied at seaports also bring many benefits when the waste heat 

recovery system is widely applied in the storage facilities in the port [44-46]. A new topic for ports was sustainable 

energy management [10, 47]. Regarding energy efficiency, new KPIs can be presented while ports and sustainable 

energy management can be compared. Building a conceptual framework and efficient energy management at 

seaports is urgently needed [48]. In that framework, it is necessary to clearly show the interrelationship between 

the elements of alternative fuels or renewable energy with energy efficiency, environmental and economic 

sustainability values for the operation of ports. Furthermore, studies on the life cycle assessment of renewable 

energy in ports are few. Therefore, in the future, more comprehensive assessments of technology, economics and 

policies for renewable energy development are needed to build sustainable seaports. 

Measurement and estimation for energy consumption  

While energy consumption measurement is made by an instrument or a device. energy consumption estimation is 

based on calculations and/or perceptions. Should there be no comprehensive energy consumption figure available, 
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the application of energy efficiency methods will become harder. Likewise, if there is no useful information, 

which operation, equipment, or area requiring attention will be unclear. Thus, it is also hard to determine the 

influence of energy efficiency methods such as environmental or economic effects properly. In contrast, energy 

consumption is measured properly throughout the day makes it possible to benefit from cheaper energy purchase 

prices. Because GHG emissions from the port are a function of energy consumption, a lack of awareness on energy 

consumption could lead to unclear information on the carbon footprint of the products flowing through the port 

as well as the total port GHG emissions. Studies analyzing the energy consumption (consequently GHG 

emissions) and various emission modeling methods are presented in this section. Iris and Lam [21] showed that 

the major electricity users in ports Valencia / Kopfer / Livorno are reefer containers (43%) and QCs (37%) while 

yard equipment and buildings mostly share the remaining 20%.  

Particularly, more than 30 GWh of electricity was consumed by three ports mentioned above in 2012. As for fuel 

consumption for the above ports, RTGs and YTs account for 58% and 32% of total consumption which was 7 

million liters. Likewise, reefer containers and QCs use 40% and 40% of total consumption in turn regarding a 

low-automation container terminal  while YCs and horizontal transport of containers mainly consume fuel with 

68% and 30% respectively [49, 50]. On average, energy consumption per container including dry, excluding reefer 

cooling is equivalent to 8.6 L of diesel in which 4.6 L is because of horizontal transport in 2013 [50]. Meanwhile, 

6.3 million liters of fuel are consumed in the port of Chennai in which 59.2% and 25.5% are used by cranes and 

tug boats in turn [51]. Several factors that affect the change of energy consumption include (i) Variations in the 

handling volumes and ship calling patterns, (ii) Real-time energy demand of refrigerated containers, (iii) Unusual 

variation in the length of stay of ships, reefer containers and transshipment operations [52, 53]. As for the 

equipment level, the simulation of operations in the berth and yard can estimate the consumption of energy [54]. 

A short-term electrical consumption prediction and an analytical method for one electrified RTG are provided 

[55]. 

Papaioannou et al.[56] shows the conduction of a more sophisticated energy estimation for both diesel RTGs and 

E-RTGs,  for the energy consumption of machine tools in manufacturing [57]. The port industry makes up 3% of 

the total GHG emissions worldwide [58].  The relevant port and the study are depicted in the first column. The 

second column describes the input information for the emission modeling method which is discussed in the third 

column, and the last column presents the source of energy demand [59]. In terms of emissions from port 

operations, this can include emissions from tractors for transporting containers on land and emissions from ships' 

operations at berths and maneuvers. According to experts' calculations, those emissions are equal. While both (i) 

and (ii) emissions are considered by Mamatok and Jin [60], several types of research only pay attention to land-

based emissions or ship-based emissions [26, 61-63]. Besides the traditional energy demand sources including 

cargo handling, cranes, vehicles, and trucks, Geerlings and Van Duin [26] also discussed container transshipment 

to other modes, Spengler and Wilmsmeier [64] presented energy required by reefer containers and building and 

[60] considers electric outsourcing and port tenants [65].  

The method of calculating emission mainly depends on a bottom-up approach where all emission contributors 

proportionally build up the total emission values [66]. The input for the method is different among studies. 

Traditionally, input in various researches includes container throughput, port size, the number of equipment 

studies [26,61,67]. Studies that also address ship-based emissions consider engine type, fuel type, port stay times, 

sailing speed [51, 22]. Studies focused on GHG emissions of equipment and areas considering routing, scheduling, 

and congestion in the yard [68, 69]. How to port selection influence the CO2 emissions is also discussed. An 

activity-based emissions model is proposed by Liao et al. [70] so that emissions between the hinterlands and 

different cities of Taiwan are measured. They also show that emissions decrease when transshipment cargoes are 

transferred to a new port. 

Management for smart grid systems 

The term smart grid includes tools to monitor, control, analyze and optimize power through increased 

communication between all facets of port energy consumers and energy suppliers such as renewable resources 

and distributed assets [71]. Smart energy management makes energy supply and energy demand balanced 
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intelligently, using key technologies. Smart energy management systems such as micro-grids, smart grids, and 

virtual power plants composed of 4 main pillars, namely (1) Applying IoT-based energy management solutions: 

limit equipment idling, limit the simultaneous operation of many large-capacity machinery during peak hours; 

carry out operation according to detailed planning process of maintenance, equipment maintenance, use of low-

cost heat sources... (2 Equip with an energy management system: Install equipment to monitor device parameters, 

paying special attention to devices that consume a lot of energy. Connect measuring devices into a network and 

control by computer at the central control room to manage and monitor energy, (3 Equipped with energy 

monitoring management software: The software allows to collect and store energy data on a computer. Features 

are real-time tracking of energy readings; build tables describing the quality of electricity, heat, compressed air 

and evaluate the reliability of the system; issue warnings when the energy index exceeds the safe threshold, 

preventing incidents; store data for comparison and assessment of different energy uses, (4) Using excess energy 

sources: In the heating operation, taking advantage of the heat from the high-temperature medium to transfer to 

the lower-temperature medium reduces the amount of heat required to raise the refrigerant temperature. In the 

heat-reducing operation, the coolant is reused many times, reducing refrigerant storage costs [71, 72].  

 

Figure 2. Model of smart grid management at seaports 

Great potential can be seen in this research direction as economic analysis for a smart grid can be focused on, and 

the operational and environmental performance of smart grids through simulation tools can be assessed. However, 

it is complicated to balance energy demand and energy supply in a smart grid [73]. A mathematical analysis to 

configure and design a smart grid can open a very useful research direction because energy supply through 

renewable sources is often oscillating (i.e. stochastic) and it is very hard to predict the energy demand to the 

operation complexity. Additionally, a method to achieve the optimal equilibrium between energy supply and 

demand in ports can make fruitful contributions. The quality of available data will also be increased by studies in 
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the future. Figure 2 illustrates the relationship between the components of the grid management system at the port. 

The smart grid system should meet the needs of 4 areas including (1) On-shore, (2) QCs, (3) Equipment, (4) 

Infrastructure and storage. Smart grid is mainly provided by energy storage system and traditional grid system. In 

addition, renewable energy sources are also supplemented through wind energy and solar energy. It is clear that 

the smart grid is at the heart of the system, serving tasks such as energy management, distribution, multidirectional 

flow centralization, and timing data management. 

POLICY AND FRAMEWORK FOR ENERGY MANAGEMENT 

Mandatory energy-efficiency standards regulated 27% of the world's total energy consumption in 2014. These 

standards mainly deal with industrial sectors that have a great influence on the consumption of energy. 

Organizations are encouraged by ISO 50001 to build systems and processes that can enhance energy efficiency 

gradually and measure energy consumption. However, only a small number of ports including the Hamburg Port 

Authority in Germany, Port of Antwerp in Belgium, Port of Felixstowe in the UK, Port of Arica in Chile, Baltic 

Container Terminal in Poland, Noatum Container Terminal Valencia in Spain, have been certified with the ISO 

50001. Ports have organizational strategies and energy management programs to set targets and create energy 

efficiency frameworks. In 2014, 57% of European ports had energy efficiency programs to meet the needs [37]. 

In 2016, this percentage was increased to 75% [7]. Acciaro, Ghiara, and Cusano [25] emphasized the significance 

of port authority's involvement in energy management system commitments. Next, there is a port energy 

management plan which covers energy consumption analysis, energy mapping, and energy efficiency 

considerations [7]. Also, the main issues, challenges, and prospects for ports are highlighted in the plan. The focus 

of many studies is on environmental management programs and sustainable ports. A port vocabulary is 

recommended [74] for the ISO 14001. In some researches mention the responsibilities of a port’s authority for the 

improvement of green aspects [75-77]. In study by Lam and Notteboom [5], the suitable tools to port 

administration (including cost, environmental policies) and impacts of functional variables are evaluated for the 

development of the green port. The effect of functional variables is further studied [60, 78]. 

CONCLUSION 

Thanks to energy management, modern technologies, and operational improvements, it can obtain energy savings 

and emission reductions. Several ports worldwide recently operate conventional equipment such as QCs, RTGs, 

RMGs, SCs, while several ports have phased in electrified/hybrid equipment including E-RTG, BAGVs, ALVs, 

IAVs. The equipment for further energy conservation can apply emerging technologies for intelligent energy 

storage, energy conversion, energy consumption monitoring, and energy management. Besides electrification of 

the equipment, the use of LNG, dual fuel, and hydrogen fuel cells to power the equipment can also be analyzed 

in future green ports. Understandably, investments are compulsory for most of the above technologies. Many ports 

focus on operational optimization including peak shaving to obtain energy savings and emission reductions 

without capital investment. For instance, it can bring energy cost reductions by reducing the idle in operations, 

energy-aware scheduling of equipment, slight postponement of duty cycles, reduction of simultaneous lifting, and 

limiting maximum energy.  

Like the equipment, a considerable proportion of energy consumption is from reefer containers in several ports. 

Ports can enhance the distribution of energy, design better electricity plans, and implement many other methods 

for reefer containers. What can be seen in this paper is that ports can implement several methods, technologies, 

and management systems. Improvements in energy efficiency vary among approaches, technologies, and systems. 

According to the results, energy efficiency grows up 90%. However, in terms of energy efficiency, investment 

costs, and ease of implementation, it is difficult to find special process, technology, or management system 

dominating the remaining. After careful economic, technological, and environmental studies, ports should initiate 

implementation. It is also strongly required awareness about energy efficiency and encouragements to employees 

for active involvement. 
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