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A B S T R A C T   

The maritime sector has been searching for efficient solutions to change energy consumptions patterns of ports 
and ships to ensure sustainable operation and to reduce CO2 emissions to support sustainable transport in line 
with International Maritime Organization (IMO) policy guidelines. Therefore, pursuing smart strategies by uti-
lizing renewable energy sources, clean fuels, smart grid, as well as measures of efficient-energy use are beneficial 
towards attaining the core goals of the IMO, specifically CO2 emission reduction in the future. In this review 
work, the main methods and criteria for monitoring CO2 emission from ports and ships are meticulously pre-
sented. Advanced renewable energy technologies connected with sources such as solar, wind, tidal, wave, and 
alternative fuels and their application in ports to reduce CO2 are thoroughly examined. In addition, energy- 
saving techniques and strategies for alternative power and fuels in ships are comprehensively evaluated. The 
key finding is that port-to-ship interactions such as using zero-emission energy sources or nearly zero-emission 
approaches could offer significant benefits for CO2 emission reduction. Finally, it is recommended that smart 
approaches associated with efficient and clean energy use for the port-to-ship pathways to generate net zero-CO2 
emissions for the maritime shipping sector need further urgent investigation.   

1. Introduction 

International shipping, especially maritime freight transport, is a 
major driving force of global trade. Indeed, a significant bulk of inter-
national trading, by both volume (80%) and value (70%), is conducted 
by means of ocean transport (D., 2016). Given the fact that shipping 
accounts for a substantial portion of global greenhouse gas (GHG) 
emissions, particularly CO2, the continued growth in international 
trading and ocean shipping activity also anticipated the rise of CO2 
globally in the future. Based on historical data, there are an average 
annual growth rate of 5.9% in global trade between 1950 and 2004 
(Hummels, 2007; D., 2017). In fact, the global shipping industry was 

responsible for the emissions of 950 million tons of CO2 (Smith et al., 
2015). This study also reported on the specific fuel consumption and its 
respective CO2 emissions according to the available vessel types during 
the same year as shown in Fig. 1. 

Based on the results obtained from the performed qualitative anal-
ysis, the worst offenders in terms of CO2 emissions and fuel consump-
tion: container ships, bulk carriers, oil tankers, general cargo ships, and 
chemical tankers. According to the forecast made in the IMO Third GHG 
(Greenhouse Gas) Study in 2014 (Smith et al., 2015), CO2 emissions 
from maritime shipping could be expected to increase anywhere be-
tween 50% and 250% based on the then emissions level under the 
business-as-usual scenario in which no significant mitigation actions are 
taken. Hence, the percentage of global CO2 emissions coming from the 
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global shipping industry could rise as a result of decarbonization from 
other major sources. 

As GHG emissions, notably CO2, have been proven to cause anthro-
pogenic global warming, the rise in these emissions has serious conse-
quences on the earth’s ecological systems and human habitats. Such 
concerns over the future sustainability of the planet have prompted 
studies on environmental impact assessment and emissions reduction 
strategies in the field of maritime transport (Hoang and Pham, 2020). 
There have been several regulations issued and agreements signed to 
combat climate change and to contribute to the overall goal of limiting 
the rise of global average temperature to below 2 ◦C from pre-industrial 
levels (FCCC/CP, 2016). Related specifically to maritime transport, 
regulations concerning GHG emissions reduction could be found in the 
regulations adopted at the 72nd meeting of the Marine Environment 
Protection Committee (MEPC) which set a path toward “at least” 50% 
reduction from the 2008 levels by the year 2050 and more optimistic 
goal of being fully decarbonized by the same time horizon, if feasible, as 
shown in Fig. 2. Bound by these rules, ship owners and operators are 
motivated to seek cost-effective solutions and practical technologies to 
implement as part of their effort to improve the ship’s energy 

performance and meet the increasingly stringent emissions standards. 
Fig. 2 implies that the role of ports and shipping fleet is fully realized 

as a promising opportunity for climate change mitigation, measures 
taken to reduce GHG emissions and improve energy efficiency from port 
and shipping activities are viewed as critical steps in transforming the 
industry toward a more green and sustainable future (Bjerkan and Seter, 
2019; Lim et al., 2019; Bergqvist and Monios, 2019). In meeting this 
ambitious goal, concurrent initiatives to reduce GHG emission on both 
sides of the maritime operation (i.e., port and fleet; Joung et al., 2020), 
as well as land transportation to and from port destinations (Gonzalez 
Aregall et al., 2018). With the adoption of the Initial Strategy in 2018, 
the IMO has taken significant steps in charting a course toward a 
low-carbon future for the global shipping industry (IMO, 2018a; IMO, 
2018b). The actions taken by port and ship operators and companies to 
implement low-carbon initiatives at the ship-port interface to lower 
GHG emissions from port and shipping activities. Moreover, a resolution 
was also taken up by the IMO as part of their effort to promote trans-
parency and full cooperation between ports and the shipping fleet (IMO, 
2019). Considering the sustained growth in the numbers of the global 
fleet and increased port activities in the short term, the corresponding 

Nomenclature 

AER Annual Efficiency Ratio 
AGV Automated guided vehicle 
ARMG Automated rail-mounted gantry 
ASC Automated stacking crane 
CCS Carbon capture and storage 
CHE Cargo-handling equipment 
CHP Combined heat and power 
CO2 Carbon dioxide 
CNG Compressed natural gas 
EEDI Energy Efficiency Design Index 
EEOI Energy Efficiency Operational Indicator 
E-RTG Electric- Rubber tyred gantry 
ESS Energy storage systems 
FC Fuel cells 
HFO Heavy fuel oil 
GHG Greenhouse gas 
IMO International Maritime Organization 

KPI Key performance indicator 
LNG Liquefied natural gas 
LPG Liquefied petroleum gas 
MDO Marine diesel oil 
MEPC Marine Environment Protection Committee 
MW Megawatt 
NOx Nitrogen oxides 
RE Renewable energy 
RMG Rail-mounted gantry 
RTG Rubber tyred gantry 
PM Particulate matter 
PV Photovoltaic 
QC Quay crane 
SC Straddle carrier 
SEEMP Ship Energy Efficiency Management Plan 
SOFC Solid oxide fuel cell 
STS Shore-to-ship 
YT Yard truck 
WPCI World Ports Climate Initiative  

Fig. 1. Relationship between fuel consumption and CO2 emissions for various ship types (Lion et al., 2020; UNCTAD, 2019).  
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rise in energy use of the global maritime shipping industry is likely to 
result in higher overall energy costs and a surge in emissions of GHG and 
air pollutants. Energy cost accounts for a large portion of overhead ex-
penses borne by fleet owners and port operators, measures are taken to 
reduce energy demand. This is necessary in order to achieve cost-saving 
objectives. Furthermore, lowering GHG emissions from shipping and 
port activities also contribute to the effort to promote the industry’s 
sustainability goals. As part of the energy-saving strategies, improving 
the energy efficiency of the existing operations can reduce the overall 
energy demand required to deliver the same level of services. On the 
other hand, sustainable sourcing of the energy supply from low-carbon 
energy resources, including distributed renewable energies and bio-
fuels, makes up part of the overall GHG emissions reduction strategies. 
Along with advancing the operational efficiency of the global fleet and 
ports worldwide, improving energy efficiency and promoting the use of 
alternative renewable energy resources are critical elements in 
conceptualizing a “greener” and more sustainable future of port in-
frastructures and global fleet. Based on the posed targets for developing 
strategy of smart port and ship fleet, the efficiency and clean energy use 
is very important. 

In recent years, there have been several studies on optimizing the 
technical parameters, design, operation of ships to reduce fossil fuel 
consumption, thus leading to a decrease in CO2 emissions. Among these, 
some studies focused on ship hull optimization to reduce wave drag, 
while others indicated that the optimization of ship speed or begin-to- 
end operation route of ships could be an efficient solution to minimize 
fossil fuel consumption. Moreover, the reduction of lay times for loading 
and discharging in port could also be considered as an approach to 
decline CO2 emissions. In general, the above-mentioned solutions target 
to go down fossil fuel consumption; however, those solutions appear not 
to be sustainable since they are still operated on the basis of fossil fuel. 
Due to this reason, large gaps still exist in the use of renewable energy 
sources for the ports and ship fleets, as well as the critical assessments 
for the potential of utilizing such renewable energy sources for the 
strategy of green maritime. Therefore, the aim of this paper is to provide 

a comprehensive overview of efficient and clean energy use as a smart 
approach for the reduction of CO2 emission in the port-to-ship pathway. 

This study contains 6 sections, in which Section 1 introduces the 
gaps of study to clarify the necessity of this current work. Section 2 
presents methods for collecting and selecting data, while Section 3 
summarizes the methods for monitoring CO2 emission from ports and 
ships. Section 4 examines smart technologies and clean energy for CO2 
emission reduction in ports. Section 5 presents smart technologies and 
clean energy for ships with a primary focus on renewable energy 
systems-based propulsion of ships. Section 6 looks at the combination of 
the port-to-ship pathway for CO2 emission reduction. Section 7 presents 
the primary conclusion as well as future scenarios for maritime areas 
towards zero or nearly-zero carbon footprints. 

2. Methods for collecting and selecting data 

A literature review relating to methods for reducing CO2 emission 
from maritime activities (ports and ships) was presented in this work, 
and it is essential to know what studies have been already carried out in 
regards to the topic of current work and to offer researchers a perspec-
tive of what needs to examine and study further. To accomplish this, 
some keywords such as “clean energy”, “renewable energy”, “green 
energy”, “clean port”, “green port”, “green shipping”, “zero-CO2 emis-
sion ships”, “zero-CO2 emission ports”, “CO2 emission in maritime ac-
tivities” were searched in the databases such as Scopus, Web of Science, 
Google Scholar. In general, searching and collecting relevant data 
should be based on the three-step rule as follows:  

(i) - A preliminary survey was conducted in data of Scopus, Web of 
Science, Google Scholar with the use of the aforementioned 
keywords;  

(ii) - Classification criteria were posed to select and collect the most 
proper literature, in which four categories like clean energy for 
ships and ports, renewable energy for ships and ports, measures 

Fig. 2. A comparison of GHG emissions between business-as-usual emissions and orientated strategy of International Maritime Organization (IMO) (DNV, 2018).  
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for CO2 reduction in the maritime industry, zero-emission ships 
and green ports were included. 

(iii) - For each category, a more detailed and deeper search was per-
formed on the basis of given specific keywords. 

After using the filter for the collection and selection of data, there 
were a total of 982 references found to match the topics of this paper. 
However, there were 544 references eliminated since they were not 
directly related to the topic of this current work. 

3. Methods for monitoring CO2 emission from ports and ships 

Despite the availability of cost-effective options that can be applied 
to lower CO2 emissions on marine vessels, in reality, actions taken by 
ship owners and operators remain rather limited. According to IMO’s 
estimation, various energy efficiency measures have the potential to 
reduce anywhere between 25% and 75% of the current CO2 emissions 
from maritime shipping (Buhaug et al., 2009). Based on the assessments 
provided in previous studies, there is a high chance that the industry 
could achieve a minimum of 30% or greater in CO2 emissions reduction 
at zero marginal cost by 2030 (Eide et al., 2011). Previous studies have 
asserted that a target of at least 50% emissions reduction would be 
possible at zero net cost by 2030 if low-cost energy savings were to be 
fully exploited (Hoffmann et al., 2012). Indeed, if all available energy 
efficiency and carbon mitigation measures are to be implemented, the 
projected growth in shipping activities could achieve a remarkable 
result, while the decrease of energy demands and zero-net reduction in 
CO2 emissions could be seen. 

In the current state of global shipping, the issue of controlling CO2 
emissions is not merely a technological, yet it is embedded with highly 
intricate and multifaceted policy elements. To reduce CO2 emissions 
from ocean-going ships, the Energy Efficiency Design Index (EEDI) 
which applies only to new ships, and the Ship Energy Efficiency Man-
agement Plan (SEEMP) aim at compelling ship owners and operators in 
taking actions to reduce CO2 emissions from their fleet (Bazari and 
Longva, 2011; Mellin and Rydhed, 2011). The main goal of the EEDI and 
ship energy efficiency management plan is to lower CO2 emissions from 
maritime transport (Azetsu, 2016; Pham and Hoang, 2020). Therefore, 
both the vessel structural design and operations are subject to these 
stringent efficiency requirements (Pham et al., 2020). Once 50–80% of 
current CO2 emissions are successfully reduced at a future point, it 
would compel the adoption of hydrogen (i.e., fuel cells) or biofuels as 
possible alternative forms of fuels in powering future marine vessels. 

The current trend in CO2 emissions reductions in the global shipping 
industry is driven mainly by the increasingly tighter international reg-
ulations and the advances in alternative fuel use. If EEDI sets perfor-
mance standards for the design and construction of new ships, the 
SEEMP mainly focuses on addressing energy-saving opportunities on the 
operational level of both existing and new vessels above 400 GRT. In 
monitoring the compliance with SEEMP, the Energy Efficiency Opera-
tional Indicator (EEOI) has been developed by the IMO as an operational 
measure tool for the assessment of ship energy efficiency and CO2 
emissions. With the formulation of the EEOI, ship owners and operators 
now have access an indicator that can be used in the continuous and 
real-time monitoring of individual vessel operations. Despite the stan-
dard use of EEOI in the assessment of ship energy efficiency under the 
framework of SEEMP, popular opinion in the shipping industry has been 
controversial as the application of such indicator in comparing the 
performance between ships is deemed as flawed and inaccurate (“Brief 
for Eu Member States,” 2013). One important aspect is for the energy 
efficiency metric to be as simple as possible, and another is for it to be 
verifiable in practice. Hence, a simpler factor, the Annual Efficiency 
Ratio (AER) measures the energy efficiency of ships in terms of GHG 
emissions per transport work, assuming a value for cargo, which is 
constant and based on the deadweight tonnage of the ship. 

Regarding port operation, tracking the level of energy consumption 

and GHG emissions from port-related activities provide the best mea-
surements on the carbon intensity of current operations as well as 
identifying opportunities for improved environmental performance and 
sustainability. Such topics have been the focus in previous studies on 
energy efficiency and emissions reductions of ports (Lam and Notte-
boom, 2014; Merk, 2013; Woo et al., 2018), ships (Christodoulou et al., 
2019), and hinterland transport (Gonzalez Aregall et al., 2018). Prior to 
the implementation of any emissions reduction strategy, it is necessary 
to take stock of the carbon inventory as a first step in improving port 
sustainability (IAPH, 2018). Carbon inventory is a valuable tool in 
aiding the subsequent analysis and benchmarking of emissions from 
existing port operations (Pavlic et al., 2014; Van Duin and Geerlings, 
2011). These provide the momentum for management boards and 
companies in reinventing their operation and heading toward a more 
sustainable future of ports worldwide. Notably, it is necessary for the 
identification and categorization of the main sources of energy con-
sumption and corresponding scopes of emissions. Besides, emissions 
from ships arriving and departing from ports are also another potential 
source that needs to be accounted for (IMO, 2018a; IAPH, 2008). In 
reviewing the existing literature, several models and methodologies are 
commonly used in measuring the level of energy demand and analyzing 
GHG emissions from portside activities and ships docking at ports, 
including the World Ports Climate Initiative (WPCI) guide to calculate 
port’s carbon footprint (Initiative, 2010), to measure carbon emissions 
from a container terminal (Sim, 2018; Yun et al., 2018), to control 
shipping emissions in ports (IAPH, 2018; Olaf Merk, 2014a,b; Zis et al., 
2014), and to determine GHG emissions of marine diesel engines 
(Konstantzos et al., 2017; Saharidis and Konstantzos, 2018). Addition-
ally, several studies also examined energy consumption in container 
terminals (Spengler and Wilmsmeier, 2018; Van Duin et al., 2017; 
Wilmsmeier and Spengler, 2016). 

4. Smart technologies and clean energy for CO2 emission 
reduction in ports 

4.1. Energy-based criteria for evaluating the port sustainability 

Port operations and logistics have significant energy demands. Given 
the current development and planned expansion of ports worldwide, a 
future increase in port energy consumption can be expected. In 
balancing between energy cost and port operational budget, options are 
available to reduce general consumption for smart port operations. 
Particularly, the application of on-site, distributed generation from 
renewable energy offer strategies for port operators to lower their CO2 
emissions and become energy independent (Rotterdam, 2016). As 
shown in Table 1, the main aspects of the port sustainability plan can 
include energy generation from alternative renewable resources, energy 

Table 1 
The trend of smart and clean energy in ports.  

Smart energy in 
ports 

Components Ref 

Energy 
consumption 

Energy consumption by 
containers/fleet, offices, and 
companies, lighting, 
terminal equipment for 
container movement 

(MedMaritime SMART PORT, 
2016; Heilig and Voβ, 2017;  
Hamburg Port Authority, 
2021) 

Application of 
renewable 
energy 

Wind, Solar, Biomass, Wave 
and tidal 

(MedMaritime SMART PORT, 
2016; Heilig and Voβ, 2017;  
Hamburg Port Authority, 
2021; The Motorways of the 
Sea Digital Multi-Channel 
Platform, 2015) 

Energy 
management 

Monitoring, management, 
and optimization of energy 
use 

(MedMaritime SMART PORT, 
2016; Heilig and Voβ, 2017;  
Hamburg Port Authority, 
2021)  
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efficiency improvements, and adopting and executing energy manage-
ment systems. 

In ports, there are two main groups of energy consumers (i.e., direct 
vs indirect users). The group of direct consumers includes sources of port 
activities that consume energy directly, such as indoor and outdoor 
lighting, office buildings, and various other facilities. Indirect energy 
consumers mainly exhibit seasonal consumption patterns that are highly 
dependent on the volume of port activities. Examples of indirect energy 
consumers are cranes, the internal fleet of the port, and refrigerated 
containers or reefers (PORT, 2016). Through different process 
improvement and retrofits/upgrades of equipment, port operators and 
management can realize the potential benefits from more efficient op-
erations and lower energy costs which are resulted from optimized 
performance, better fuel efficiency, and reduced energy loss. As pointed 
out by previous research, while emissions from port operation only ac-
count for a small fraction of the total emissions from maritime trading 
(Acciaro and Wilmsmeier, 2015; Tzannatos, 2010), ports as a standalone 
industry contribute up to 3% of the total global GHG emissions annually 
(Misra et al., 2017a). Reducing local air pollution remains the top pri-
ority for port management boards and oftentimes lower GHG emissions 
are viewed as a nice extra benefit (Poulsen et al., 2018). When consid-
ering the mounting pressure on port authorities to reduce their carbon 
footprint and make changes toward more environmentally-friendly and 
sustainable operations (Poulsen et al., 2018), more attention is directed 
to searching for effective solutions in reducing GHG emissions, notably 
CO2 (Du et al., 2018; Rosa-Santos et al., 2019). As port operations are 
tailored to meet these sustainability objectives, these various measures 
also contribute toward addressing other key issues concerning the port 
management companies and stakeholders, such as corporate social re-
sponsibility (Moon et al., 2018), compliance with special regulations 
(Puig et al., 2017), reduction of fossil fuel consumption (IAPH, 2018; Lee 
et al., 2015), maintenance of “green port” initiatives (Kang and Kim, 
2017). Lastly, measures to improve energy efficiency and sustainable 
port operations through investment in smart micro-grids and low-carbon 
generation technologies were taken to ensure port operation continuity 
(Ramos et al., 2014), and saving on energy costs (Wilmsmeier and 
Spengler, 2016). 

4.2. Smart and clean energy system in ports 

4.2.1. Power system 

4.2.1.1. Electrification. In current port operations, electrification is 
commonly found among major cargo-handling equipment (CHE), i.e. 
various crane types such as shore-to-ship (STS), rubber tyred gantry 
(RTG), and rail-mounted gantry (RMG; ALASALI et al., 2018; Interreg 
IVB North Sea Region Programme, 2012). Among these, CHE equipped 
with battery systems is often used (Dhupia et al., 2011). Despite many 
CHE currently runs on electricity, this category of equipment is one of 
the major sources of emissions from port activities (Liu and Gong, 2010; 
Li et al., 2019). Specifically, the total energy of CHE accounts for 80% 
consumed by container and 40% consumed by bulk terminal. Moreover, 
container terminals have a significant share in total port’s diesel con-
sumption in several countries (e.g. 50% for Japanese terminals, 60% for 
Vietnamese terminals, 78% for the ports of Chile, and 88% for the ports 
of Nigeria) (Acciaro and Wilmsmeier, 2015). These systems require high 
initial capital expenditure for additional batteries suitable for swapping. 
Various types of vehicles used in port operations are ripe for electrifi-
cation as they can be fully powered by the portable battery (such as 
stacking cranes, yard trucks, forklifts, rail movers, and electric auto-
mated guided vehicles (AGVs)) as exemplified by ports around the 
world, e.g., San Pedro Bay Port (Ports of Los Angeles and Long Beach, 
2017), and container terminals in Port Kaohsiung of Taiwan (Yang and 
Lin, 2013). Examples of fully-electric RTGs equipped with batteries used 
for short-distance maneuvers have been demonstrated at the Port of 

Long Beach (Ports of Los Angeles and Long Beach, 2017). In contrast, the 
use of electric equipment for bulk handling of cargo is more limited due 
to their high power requirement. Even though it remains fairly difficult 
to install and operate fully electrified infrastructure, there have been 
successful applications of electrified-stationary buckets and 
electrified-conveyor belts used for handling the materials at Port of Long 
Beach and Los Angeles (CARB/EPA, 2015). 

It is necessary to highlight the critical role in the electrification of 
CHE when considering the life-cycle emissions assessment of equipment 
and overall emissions reduction objective (Lirn et al., 2013). In a study 
by Kim et al. (2012), the authors performed a comparative life-cycle 
assessment between electric yard tractors and diesel engine-based 
yard tractors in Port of Los Angeles. It is typical to rely on the use of 
QCs and STS cranes to load and unload cargoes along the quayside of 
port container terminals (Wen et al., 2017). Depending on the yard 
layout and configuration (i.e., level of automation, area design, etc.), a 
wide range of equipment can be found operating in the container yard 
(Vo et al., 2004). 

Equipment such as RMGs and RTGs are mainly used in stacking 
containers, while the horizontal handling of containers relies on YTs and 
AGVs. Besides, SCs and RSs are capable of performing both of the above 
functions (Carlo et al., 2014). With the recent introduction of highly 
automated equipment, the efficiency of port operations has significantly 
been improved along with a decrease in the reliance on manpower 
(Gharehgozli et al., 2016). One can find the use of automated QCs and 
RMGs in automated container ports. In automated terminals, particu-
larly, operators often utilize QCs and RMGs. Automated guided vehicles, 
automated lift vehicles, intelligent autonomous vehicles for horizontal 
transport, while ASCs can be used for stacking operations. In Table 2, 
several alternative energy resources could be potential utilized to 
replace conventional fossil fuels in current port operations. 

According to findings from recent research, the application of elec-
tromobility in ports can increase the overall energy efficiency and lower 
GHG emissions (Yang and Chang, 2013). As shown by trials at ports 
located in Copenhagen, Demark, and Malmö, Sweden, the use of electric 
vehicles has been found to reduce the level of energy consumption 
through automatic start/shutoff technologies coupled with the smart 
charging system (Verbeeck et al., 2014). Dhupia et al. (2011) have 
researched the development of optimal electric tugboats in harbor craft 
operations. Depending on the energy efficiency objectives, a wide range 
of technological improvement options is available for QCs and STS 
cranes, in which a significant amount of energy recovered from the 
operation of QCs can be stored and consumed at a later time (Nan Zhao 
et al., 2014). RTG is a commonly used handling equipment for stacking 
containers in the port yard due to its high flexibility and productivity. 
Bus bar, touch wire, and cable reel systems are examples of electrical 
equipment that can be used in the electrification of RTGs (Yang and 
Chang, 2013). 

Compared to conventional RTG models, E-RTGs offer better energy 
efficiency and lower CO2 emissions that can benefit from the ability to 
switch between being powered by the electric grid or a diesel engine. A 
summary of results from an economic and environmental analysis that 
compares the performance of conventional RTGs and E-RTGs is provided 
in Table 3. Based on these results, an 86.6% and 67% reduction in en-
ergy costs and GHG were achieved from E-RTGs compared to diesel- 
fueled conventional RTGs (GREENCRANES, 2012). Furthermore, the 
electrification of RTGs should be the focus of large-scale studies on the 
operational performance of container terminals. System optimization of 
phase in/out schedules for RTG replacement is also subject to resource 
constraint (Peng et al., 2016). Lastly, the integration of active front-end 
rectifiers to RTGs should be considered (Pietrosanti et al., 2016a; 
Papaioannou et al., 2017). 

According to Yang and Chang (2013), there are around 86.6% of 
energy-savings and a decrease of 60–80% for CO2 emissions recorded for 
an RTG cable reel. Moreover, the regenerative braking of RTG can save 
the energy consumption up to 60% (FAHDI et al., 2019). Additionally, 
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up to 30% of energy can be saved from claiming regenerative energy as a 
result of crane electrification (Davarzani et al., 2016). Besides, an 
additional 10% of energy is further saved by the application of 
battery-AGVs (Schmidt et al., 2015). The application of electric RTGs 
was the main subject of research in the Port of Tanjung Pelepas, 
Malaysia (Jonathan and Kader, 2018). In comparison, RMGs and ARMGs 
both have lower emissions than RTGs because the formers are powered 
primarily by electricity (Lazic, 2006). The different comparisons on 
varying levels of energy demand required by RTG, E-RTG, RMG, and 
ARMG (automated rail-mounted gantry) were provided (Yang and Lin, 
2013; Y.-C. Yang, 2017). Among these, RTG ranks on top of the list for 
the highest level of energy consumption, while E-RTG has the lowest 
level of consumption. The order from the lowest to the highest is as 
follows: E-RTG < ARMG < RMG < RTG. 

4.2.1.2. Hybridization. There are a variety of hybrid options for port 
equipment, including fuel-electric hybrids and plug-in hybrids, as well 
as diesel-hydraulic hybrids in which the motor and wheel motion are 
powered by hydraulic action (CARB/EPA, 2015). In a hybrid powertrain 
that is equipped with flywheels and ultracapacitors as the main energy 
storage device and main source of power, the improved configuration 
has the potential to save up to 330 kW in peak demand (Nan Zhao et al., 
2014). Among the major pieces of equipment found in container ter-
minals, cranes are good candidates for electric hybrid retrofits. As such 
equipment is powered by electricity, there is a potential for taking 
advantage of the energy produced from regenerative braking that can be 
fed back onto the grid as found in the examples of RMGs in the Port of 
Vancouver (APEC, 2014). According to Tran (2012) and Zhao et al. (Nan 
Zhao et al., 2014), around 1211 kW in peak demand has been recorded 
for a QC which could be reduced by as much as 72.7%. In another study, 
the use of ultracapacitors and supercapacitors can decrease peak de-
mand from 1500 kW to 150 kW for energy storage and a bidirectional 
converter (Parise and Honorati, 2015). Similarly, there is also an op-
portunity to lower QC energy consumption with the utilization of the 
new spreader tandem twin lift (G Parise et al., 2016). Analyzing the use 
of hybrid RTGs, Wei et al. (2019) found that such an application could 
deliver up to 70% in energy saving. The following ports, including Port 
of Los Angeles, Spanish, Shenzhen, Tianjin, and Vancouver, all 
hybrid-electric RTGs have been used. Other examples include the use of 
hybrid reach stackers and hybrid hydraulic systems for bulk 
handling-equipment at the Port of Helsingborg and Port of Long Beach 
and Los Angeles, respectively equipment (Ports of Los Angeles and Long 
Beach, 2017), (Peng et al., 2016), (Fung et al., 2014). 

Common energy storage devices, including supercapacitors (Kim and 
Sul, 2006), (Antonelli et al., 2017), batteries (Niu et al., 2016), and 
flywheels (GREENCRANES, 2012; Flynn et al., 2008; Tan and Yap, 
2017) enable the storing of potential energy that can be consumed at a 
later time. In the context of port operations, this amount of stored energy 
is often used in hoisting and moving cargo. In the study of Flynn et al. 

(2008), the authors examined the configuration of a flywheel structure 
accompanied by an undersized diesel-generator as a means of energy 
storage for an RTG, as a result, up to 35% in energy saving was achieved. 
Furthermore, other added benefits, including an extended lifetime of 
generators, lower noise level, and quicker system response time, were 
observed. Besides, it has been shown that equipping supercapacitors 
with a generation source (e.g., diesel-powered generator) could lower 
energy demand by as much as 35% (Kim and Sul, 2006). In another 
study, the use of a flywheel in RTGs decreased 38% of initial energy 
consumption, as part of a power management system exhibiting sto-
chastic loads and random duration (Pietrosanti et al., 2016b). Besides, a 
power management system was demonstrated for RTGs with the 
following main components (1)-a primary converter with a diesel en-
gine, generator, and power converter, (2)-an energy storage system, and 
(3)-electric drives. The experimental result showed between 20% and 
60% fuel reduction given the choice of hybridization models (Antonelli 
et al., 2017). In a study reported by Zhao et al. (2016), an example of a 
hybrid powertrain system was demonstrated for RTGs that resembled 
QCs. Lastly, a potential option includes the retrofit of RTGs with a 
smaller diesel generator consisting of a diesel engine and an electric 
generator (GREENCRANES, 2012). With recent advances, SCs have been 
converted to hybrid models equipping with a diesel-electric generator or 
an energy storage system which could achieve a fuel efficiency of up to 
27.1% (Hangga and Shinoda, 2015). For hybrid SC models, there are 
different levels of energy consumption associated with traveling, hoist-
ing, and lowering motion, at 52%, 31%, and 11%, respectively. Results 
from a sensitivity analysis have revealed the positive impact that hy-
bridization has on the equipment’s performance efficiency, travel dis-
tances, laden weight vs empty weight traveling (Hangga and Shinoda, 
2015). Hence, retrofitted AGVs have achieved greater efficiency, reli-
ability, and safety (Bechtsis et al., 2017). Similar to other port equip-
ment, AGVs can be powered either by diesel fuels, electricity, or hybrid. 

4.2.2. Energy storage systems (ESSs) 
The application of energy storage systems (ESSs) as the main opti-

mization method for the production and consumption of electricity has 
gained significant attention because of its role in lowering GHG emis-
sions along with energy costs. Furthermore, ESSs allow for the integra-
tion and balancing so the surplus energy could be efficiently stored and 
fed back onto the grid (Kotrikla et al., 2017; Papaioannou et al., 2017). 
Commonly found ESS technologies include batteries, supercapacitors, 
and flywheels (Ahamad et al., 2019; PIANC, 2019a). 

In the context of CHE, the lifting motion of containers accounts for 
the largest portion of the energy consumed by CHE. On the other hand, 
the energy consumed by lowering and braking actions is often wasted 
unless it was being captured (Antonelli et al., 2017). Hence, the poten-
tial energy savings from recaptured wasted energy from utilizing ESS in 
mobile CHE is as attractive as the anticipated environmental benefits. 
The utilization of ESSs has several important benefits including the 

Table 2 
Various energy sources for in-port equipment (Wilmsmeier and Spengler, 2016).  

Energy 
sources 

AGV (Automated 
guided vehicle) 

ASC (Automated 
stacking crane) 

RMG (Rail-mounted 
gantry crane) 

RS (Reach 
stacker) 

RTG (Rubber-tired 
gantry crane) 

SC (Straddle 
carrier) 

QC (Quay 
crane) 

YT (Yard 
truck) 

Diesel x   x x x x x 
LNG    x x x  x 
Hydrogen        x 
Electricity x x x x x x x x  

Table 3 
Comparison between RGT and E-RGT (Yang and Lin, 2013; Yang and Chang, 2013).  

RGT types Energy consumption Energy cost Total energy cost/year GHG emission/container (kg) Total GHG emission, (tons/year) 

RTG 2.21 L 24.16 ≈64 million 5.96 7,15 
E-RTG 3.02 kW h 2.38 ≈8.6 million 1.92 2,3  
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ability to capture regenerative energy captured from braking motion 
and optimize combustion energy drive. In cases where electrification of 
CHE is not practical, the deployment of ESSs has the potential to save up 
to 20–50% of total fuel consumption (PIANC, 2019a). Examples of ESS 
deployment in CHE can be found in the following studies on STS crane 
supercapacitor (G. Parise et al., 2015a,b) and flywheels (Giuseppe Parise 
et al., 2016a), and RTG crane flywheels (Papaioannou et al., 2017), 
supercapacitor (Zhao et al., 2016), and batteries (Antonelli et al., 2017). 
Furthermore, the potential fuel saving from battery application in RTGs 
can reach up to 57% (Niu et al., 2016). Similarly, Tan and Yap (2017) 
found that over 30% reduction in the level of energy consumption was 
achieved with the installation of a flywheel structure. The principal 
scheme of RTG integrated with ESS is illustrated in Fig. 3. 

4.2.3. Renewable energy in ports 
Immense energy-saving opportunities exist in port operations. En-

ergy generated from renewable energy (RE) resources, such as wind and 
solar, has the potential to supply part or all of the current energy de-
mand from ports. These potential sources include large off-shore wind 
turbines or on-shore turbines located in the terminal area supplying 
electricity in powering cranes and forklifts, small vertical wind turbines 
installed on buildings to satisfy the energy demand of offices, garage 
facilities, and electric vehicles, solar photovoltaic (PV) installed on 
rooftops of buildings to meet the energy demand of offices, garage fa-
cilities, and electric vehicles, biodiesel supplying fuel to the internal 
fleet, and marine technologies utilizing wave and tidal energy to 
generate electricity in powering electric cranes and forklifts (PORT, 
2016). 

The focus on utilizing RE to enhance the sustainability aspect of port 
operations has significantly grown in recent years (Ramos et al., 2014). 
In cases where on-site generation is not feasible, port authorities have 
the option to purchase electricity produced from renewable energy 

resources through the RE Purchase Initiative as part of their sustainable 
strategies (IAPH, 2008). Ports can also explore opportunities for RE in-
vestment by forming shared agreements with other organizations and 
companies. Fig. 4 shows the trend of utilizing RE in port to reduce CO2 
emissions. In this aspect, a study was conducted by Hentschel et al. 
(2018) to examine the opportunities of RE cooperatives in the case of the 
Port of Rotterdam. Another example is the EU E-harbor project which 
examines the implementation of RE in EU ports (Delnooz et al., 2012). 

Similarly, a report published by PIANC provides a detailed discussion 
on the applicability of RE technologies and their potential application in 
port (PIANC, 2019a). It has been observed that the integration of mul-
tiple RE supplies and resources can yield a large potential for energy 
savings and CO2 emissions reduction. In their study, Fahdi et al. (FAHDI 
et al., 2019) provided a comparison of different case studies of RE uti-
lization among Asian ports. The authors found around 12–84% in saving 
the energy consumption and 2.7–80% in a decrease of CO2 emissions. In 
the studies conducted by Rijsenbrij et al. (Rijsenbrij and Wieschemann, 
2011) and Acciaro et al. (2014a), the integral role that renewable energy 
plays in enhancing the sustainability of ports was reported. From this 
perspective, “the percentage of energy from renewable resource” can be 
used as an indicator or KPI in evaluating the green and sustainable op-
erations of ports (Acciaro et al., 2014b; STP, 2015; Buiza et al., 2016). 

For wind energy, the installation of large wind turbines is often 
limited to off-shore wind farms due to its space requirement (Chen et al., 
2021). The case studies of wind energy project include the Ports of 
NYNJ, Long Beach, San Diego, San Francisco, Hamburg, Baltimore, and 
Zeebrugge, as well as notable large capacity wind energy projects such 
as Rotterdam port (200 MW), Amsterdam port (28.2 MW), and Antwerp 
port (45 MW) (Efforts, 2014). In the case of off-shore wind energy, the 
combined capacity of the generators often exceeds the port grid’s ca-
pacity to safely handle the surge of electricity flow. Hence, port au-
thorities have found a solution to engage in power purchase agreements 

Fig. 3. Scheme of hybridized energy flow of RTG integrated with ESS (Siemens, 2008).  
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Fig. 4. Use of renewable energy in ports, (a) – Solar PV utilization in Ports of Stockholm (Persson and Olofsson, 2017); (b) – Use of wind turbine in Port of Rotterdam (TSCNET Services, 2017); (c) – Electric cranes 
in Port of Vancouver (Greenport, 2020); (d) - Utilization of wave energy at port (Greenport, 2016). 
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with wind farm developers to purchase a portion of its generated ca-
pacity (PIANC, 2019a). Li et al. (2019) conducted an optimization study 
on the suitability of offshore-wind generation and storage for container 
terminals. 

Ocean energy is generated by ocean currents from a combination of 
temperature, wind, and salinity (Efforts, 2014). Tidal energy has bright 
potential due to the predictability of tidal motions even not yet widely 
used. High investment costs and low reliability are the key obstacles in 
tidal energy application. Several studies have focused on case studies of 
tidal energy applications among different ports around the world, e.g., 
the port of Avilés, Spain (Espina-Valdés et al., 2019), Port of Ribadeo, 
Spain (Ramos et al., 2014), and near Port of New Jersey, US (Tang et al., 
2014). Similarly, studies focusing on wave energy can be found among 
the following examples, e.g. Port of Anzali, Iran (Hadadpour et al., 
2014), Italian ports (Arena et al., 2018), and Port of Leixões, Portugal 
(Rosa-Santos et al., 2019). As recommended by Cascajo et al. (2019) and 
Li et al. (Li et al., 2018), a feasibility study should be performed before 
investing in either tidal energy or wave energy as a source of power 
supply for ports. Moreover, Vicinanza et al. (2019) reviewed the current 
state of innovation of wave energy and related conversion technology 
situated in harbor breakwaters. 

Solar energy production can come in the form of electricity genera-
tion through solar photovoltaic or solar water heating. Solar PV appli-
cations can be off-grid for navigational signals, buoys, and remote 
beacons. Solar PV systems are built on an empty piece of land or mount 
on top of building rooftops. For ports of Venice, West Sacramento 
(Vincent, 2014), and Rijeka (Boile et al., 2016), rooftop solar PV shave 
been placed on cruise terminals, warehouses, and other types of storage 
facilities. Other port locations around the world have also utilized en-
ergy generated from solar PVs, including the ports located in Amster-
dam, Felixstowe, Antwerp, Tokyo, Genoa, and San Diego (Acciaro et al., 
2014a). Simulation studies have also been conducted on the benefits 
gained from solar water heating applications in ports, e.g., Ukrainian 
ports (combined with wind turbines) (Yarova et al., 2017), Port of 
Damietta-Egypt (El-Amary et al., 2018), and other Egyptian ports (Bal-
baa et al., 2019). In their research, Kotrikla et al. (2017) have shown that 
a significant amount of CO2 emissions could be eliminated by utilizing 
solar PV and wind turbines in the onshore power supply. Lam et al. 
(2018) also highlighted the key role of solar photovoltaic in achieving a 
low-carbon footprint in port operations. 

Furthermore, solar energy application in the form of solar water 
heating is a reliable energy source for hot water and heating. The use of 
rooftop solar water heating panels could help to reduce heating costs in 
buildings (Delnooz et al., 2012). As recommended in the study of Ber-
gholz et al. (Bergholz, 2014), solar photovoltaic panels could be 
installed on top of as a main source of power for refrigerated shipping 
containers and other electrified equipment. There is also an additional 
advantage in covering such an area when considering the fact that the 
installed solar panels would create a shade shielding the containers from 
the sun. Hence, the cooler exterior temperature would help to lower the 
amount of electricity to power these refrigerated containers. In a study 
by Misra et al. (2017b), the authors evaluated the utilization of solar PV 
and wind turbines in the Port of Chennai through an economic analysis 
of solar PV systems based on the number of clear sky days, capacity 
utilization factor, and total available photovoltaic area. In another case, 
solar PV panels have been installed on warehouse rooftop at the Jurong 
Port of Singapore that has been able to generate 12 million kW/h annual 
energy capacity (JP, 2016). Similarly, warehouse rooftop solar photo-
voltaic systems at the Port of Hamburg have an expected annual gen-
eration capacity of 500 MWh (Acciaro et al., 2014a). 

The use of alternative sources of cleaner fuels, such as biofuels, 
Liquified Natural Gas (LNG), dual-fuel LNG, hydrogen fuel cells in 
powering port equipment, buildings, and other operations provides 
effective solutions in lowering the potential emissions of air pollutants 
and GHG. There are several examples of LNG applications in ports 
around the world. The Port of Long Beach first tested the use of LNG in 

port equipment in 2008 (PLB, 2008). In Europe, several ports have 
utilized equipment as that is powered by LNG as a standalone or in 
combination with another fuel, e.g., LNG fuel-based terminal tractors, 
LNG, or dual-fuel RTGs, and LNG dual-fuel RSs (GREENCRANES, 2012). 
Among the above applications, up to 16% reduction in CO2 emissions 
has been observed in LNG-based terminal tractors, while there has been 
a slight decrease in NOx emissions. Compared to fossil fuels, the 
implementation of LNG has the potential to achieve as much as 25% of 
the current CO2 emissions from port operations. The decision to select 
the optimal number of terminal tractors to be converted to LNG depends 
on the fuel prices in each country (GREENCRANES, 2012). 

Also funded by the EU, the SEA terminals project has enabled the 
implementation of hybrid and LNG dual-fuel RTGs prototypes 
(SEA2014). The Port of Valencia has utilized LNG-fueled engines as part 
of the Green Effort project (Froese Jens, Toter Svenja, 2014). With the 
anticipated growth in the use of LNG as a potential alternative fuel in 
ships and port equipment, port authorities are required to pay additional 
attention to the availability of LNG fuel, as well as access to the reliable 
supply network and maintenance of bunkering infrastructure and stor-
age facilities (Acciaro et al., 2014a; SEA, 2014). For other biofuel types, 
the Port of Rotterdam has attempted at using a biofuel mix that contains 
biofuel and regular diesel at a 30:70 vol ratio (Geerlings and Van Duin, 
2011). Given the fact that 4.8 million tons of biofuels have been trans-
ported through the Port of Rotterdam in 2016 making it the top import 
and export hub of such fuels. Considering this fact, harbor wastes could 
be utilized as inputs for biofuel production (Misra et al., 2017b). The 
utilization of LNG and CNG/biomethane was found to be highly suitable 
for maritime aiming to ensure cleaner air and more sustainable shipping. 
Depending on the ship/vessel type, CNG/biomethane could be used for 
ship/vessel sailing a fixed route in urban ports, in which ferries could be 
connected with other transportation means through fixed 
renewable-fuel refueling points as shown in Fig. 5. 

Obviously, there will be many benefits to the environment and the 
human living in the port cities as switching to alternative fuels as well as 
the commercial interest for ports. The fact shows that the total cost of 
ownership for the case of using CNG/biomethane or LNG as fuel could be 
comparable to that of diesel fuel for certain ship types. Furthermore, if 
ships and local traffic are simultaneously supplied with CNG/bio-
methane, the capital costs for its infrastructure are reported to 
remarkably reduce because not only the local port but also ferry/taxi 
companies could operate the same CNG/biomethane infrastructure 
(Pitpoint clean fuels, 2021). 

Although hydrogen fuel cell remains a relatively new development in 
terms of its application as an energy source for port equipment, some 
notable case studies can be referenced. In Germany, the Port of Hamburg 
and the Port of Bremerhaven have tested the use of hydrogen fuel pro-
duced from renewable sources. While the former case utilized hydrogen 
fuel cells in forklifts, engines of SCs were the main subject of the 
hydrogen fuel cell engine conversion in the latter case (Tatiana, 2012). 
As discussed in (Froese Jens, Toter Svenja, 2014), hydrogen fuel cells 
were applied in powering tugboat engines via a static hydrogen injection 
system. On the other hand, the potential of hydrogen fuel cells was 
tested in a combination of hydrogen as a clean source of energy in a wide 
range of applications for port equipment at the Ports of Los Angeles and 
Long Beach (PLA, 2016). In a recent study of Sadek et al. (Sadek and 
Elgohary, 2020), they have found that the combination of offshore wind 
turbine and fuel cells for the case of Alexandria Port in Egypt has 
reduced CO2 emissions by 80,441 tons/per. Despite its large potential, 
the key obstacles facing widespread utilization of hydrogen fuel remain, 
such as reliable supply, technology maturity level, and less competitive 
return of investment compared to the other fuel options in terms of costs. 

In addition to the above-mentioned RE sources, co-generation plants 
or combined heat and power (CHP) hold a large potential in improving 
the energy efficiency of ports as discussed in (Giuseppe Parise et al., 
2016b; Siemens, 2017). CHP is operated in a sufficient manner that 
captures and reuses the waste heat produced in the process of power 
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generation. A previous study provides a detailed analysis of CHP and its 
waste heat recovery mechanism (HPA2015). Funded by the European 
Union, the Green Efforts projects have advocated for the potential of (1) 
external supply of regenerative energy and (2) on-site renewable energy 
generation for ports (Froese Jens, Toter Svenja, 2014). In the former 
case, a power purchase agreement can be formed between the port au-
thority and the power supplier. The supplied power can then be resold to 
individuals or groups of consumers in areas neighboring the ports. 
Hence, it would increase the ability of small consumers to gain access to 
energy produced from renewable sources. Due to the difference between 
the underground and ambient air temperature, geothermal energy can 
be used for heating and cooling buildings and other types of facilities in 
the port. Besides, the heat energy drawn from deep inside the Earth can 
be used to produce steam for feeding electric generators. Examples of 
near-surface geothermal energy can be found among ports in the EU 
(Efforts, 2014), Antwerp and Hamburg ports (Acciaro et al., 2014a), 
Rotterdam ports (Port of Rotterdam, 2017). 

Several approaches to introduce renewable energy resources into 
existing port operations were discussed. Particularly, Acciaro et al. 
(2014a) suggested the reasons for adopting smart energy systems in 
ports as a part of the overall energy efficiency and sustainability ob-
jectives by comparing two different case studies involving ports that 
have adopted smart energy management system practices. In another 
similar review (Giuseppe Parise et al., 2016b), strategies in deploying 
and integrating smart grids and microgrids in the overall energy man-
agement system of ports have been presented. In their analysis, the 
authors also provide key recommendations for port management boards 
and stakeholders to incorporate key information in their energy man-
agement plan and decision-making to optimize the benefits received by 
the port and surrounding communities. Based on the statistical 
techno-economic analysis, several studies have set out to examine the 
potential effects of integrating renewable energy resources and energy 
storage technologies in the energy networks (Hoang et al., 2021; Vakili 
et al., 2022), this could enable to exchange of power between marine 
vessels and the grid potentially. 

Specifically, Lamberti et al. (Arasto et al., 2012) were able to confirm 

the economic values gained from selling electricity generated from 
distributed renewable energy generation to the grid, while providing 
potential savings to cover capital and operation costs. The idea of 
building future ports into energy hubs using smart energy systems was 
discussed in Prousalidis et al. (2017). This concept is based on the 
assumption that cold ironing or shore-to-ship power process can be 
implemented to supply shoreside electrical power to ships at berth. In 
their study, Ramos et al. (2014) reviewed the potential application of a 
tidal farm in supplying the power needed for port activities. The authors 
performed the analysis using a 3D hydrodynamic model with 25 tur-
bines in assessing the power capabilities in meeting the local energy 
demand. However, there are several obstacles as pointed out in the 
article concerning primarily the site selection of the tidal farm. Simi-
larly, (Alvarez et al., 2013) also utilized a techno-economic analysis in 
reviewing the potential of tidal energy application to meet the energy 
demands for ports and local communities. The authors asserted the 
potential of tidal energy as a viable option in terms of cost and sus-
tainability perspective. Particularly, a detailed review was provided on 
possible designs of a tidal turbine generator based on both technological 
and economic feasibility. In another study, a microgrid model was 
proposed by Ramos et al. (Misra et al., 2017b) in supplying the main 
energy demand of ports. They identified that the option of installing a 5 
MW of solar PV and a 6.5 MW wind turbine was sufficient in meeting the 
existing level of energy demand. In another example, Manolis et al. 
(2017) provided a detailed analysis of implementing a distributed de-
mand response strategy for voltage enhancement in port energy distri-
bution networks via multi-agent systems. Other studies have also 
suggested the use of different statistical methods in optimizing solar and 
biomass energy supply among different port locations (Balbaa and 
El-Amary, 2017). According to these reviews, up to 50% of power de-
mand optimization can be met by the integration of generation capa-
bilities from local renewable energy sources. The utilization of RE in 
ports as a potential source of an alternative clean source of energy has 
gained considerable attention due to its power capabilities. In general, 
different RE technologies along with their main characteristics are listed 
in Table 4. 

Fig. 5. Clean-fuel infrastructure in the port (Pitpoint clean fuels, 2021).  
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4.2.4. Efficient strategies of energy/fuel use 
The use of automated mooring systems is considered a potential 

strategy in reducing the level of energy consumption in ports (Gibbs 
et al., 2014; Misra et al., 2017a). Particularly, such a system allows for 
the easy mooring of ships via vacuum and they can be fastened to berth 
with a simplified set of maneuvers, which results in lower levels of en-
ergy demand from ships. Other types of advanced technologies, such as 
start-stop engines, can be utilized in diesel-powered equipment that 
could deliver approximately a 10–15% reduction in fuel consumption 
(Froese Jens, Toter Svenja, 2014). Besides, the methods in leveraging 
the reactive power consumed by electric equipment have been explored 
for port energy management (Froese Jens, Toter Svenja, 2014). In future 
scenarios, there is also an opportunity for carbon capture and storage 
technology to be deployed in port operation to eliminated the amount of 
CO2 that is emitted into the atmosphere (Acciaro et al., 2014a). In the 
case of the Port of Rotterdam, several approaches including the use of 
heat exchangers, water treatment technologies, and degassing in-
stallations are taken to achieving the desired heat and energy-saving 
(Hollen et al., 2015). Efficient use of resources and waste management 
strategy are important aspects to consider as part of port energy effi-
ciency strategies (Acciaro et al., 2014a). 

Lighting, among other activities, is another significant source of 
energy consumed in ports which accounts for between 3 and 5% of the 
total energy consumption (Acciaro et al., 2014a). There are several 
applicable lighting solutions to improve its energy efficiency, including 
converting high-pressure sodium lamps to energy-efficient light--
emitting diodes (LED) lamps, using mast lighting for outdoor terminal 
(Claudius C, 2012). Particularly, an electricity cost saving of over 300, 
000 euros has been realized by adopting the above recommendations by 
the ECT Delta terminal in the Netherlands (Van Duin et al., 2017). Be-
sides LED, the improvements on lighting levels and design of armatures 
are important aspects in helping to reduce current energy demand for 
lighting (Rijsenbrij and Wieschemann, 2011). In a recent study, Buiza 
et al. (2016) provided a detailed analysis of smart energy system ap-
plications in ports using examples of ports in the Mediterranean region. 
The above assessment was conducted taking into account the implica-
tions of current port operations on the energy and environmental 

dimension. The study was able to highlight the important role of smart 
energy systems in managing port activities, improving energy efficiency, 
and reducing carbon emissions through the integration of renewable 
energy resources. In a project of SEA TERMINALS aiming to develop the 
port industry towards low-CO2 emissions, they have indicated that the 
use of alternative fuels/renewable energy integrated with smart energy 
management could create considerable positive effects on the reduction 
of both GHG emissions and energy consumption. SEA TERMINALS was 
really examined in the ports of Valencia and Livorno with a compre-
hensively integrated prototype set based on low-CO2 emission tech-
nologies (shown in Fig. 6) (Fundacion Valencia port, 2015). 

5. Smart technologies and clean energy for ships 

Currently, ship propulsion systems on commercial vessels are mainly 
powered by diesel engines, steam, or gas turbines with diesel engines 
make up the majority of the available fleet (Pham and Hoang, 2019). 
Reducing the reliance of marine vessels on fossil fuels is part of the 
strategies to attain a more sustainable and low-carbon future for the 
global shipping industry. This is achieved via introducing alternative 
and cleaner fuel options in powering ships (Pham et al., 2020). There-
fore, the potential applications of alternative fuels (e.g., LNG, biofuels, 
hydrogen, and ammonia) and advanced non-carbon emission systems in 
ship propulsion systems have gathered significant attention from re-
searchers, as these potential low-carbon fuels are being tested on both 
laboratory and pilot scales. 

5.1. Alternative fuels 

Heavy fuel oil (HFO) has been used primarily by the shipping in-
dustry due to its cost advantage compared to other cleaner fuels (Buhaug 
et al., 2009; Buhaug et al., 2008). However, there is a high sulfur content 
of 2.5% in HFO, while diesel fuels typically contain up to 0.5% of sulfur. 
Hence, replacing conventional marine fuels with those containing lower 
sulfur content (<0.1%) will lead to lower emissions of air pollutants and 
GHG. According to IMO, the switch from HFO to marine diesel or 
gaseous fuels could lower CO2 emissions by as much as 4–5% per 

Table 4 
Major characteristics and applicability of renewable energy systems in ports.  

Technologies Advantages Disadvantages Capacity Ref 

Energy storage systems High reliability and stability; 
incorporative automation; easy 
electrification 

High investment cost; low lifetime – Sifakis and Tsoutsos (2020) 

Wind-based energy 
generation including 
onshore and offshore 

High energy efficiency; high 
efficiency in unallocated space 

High initial capital; low lifetime; easy 
degradation; suitability for large ports 

2–6 MW (Kotrikla et al., 2017; Yarova et al., 2017;  
Spiropoulou et al., 2015) 
(Weiss et al., 2018; Liang Li et al., 2018a, 
b; Christoforaki and Tsoutsos, 2017) 
(Blažauskas et al., 2015; H. Li et al., 2020;  
Díaz and Guedes Soares, 2020) 
PIANC (2019b) 

Solar-based energy 
generation 

High energy efficiency; low initial 
capital; mature and high-expertise 
technologies 

Low lifetime; frequent repair and maintenance 1–50 MW for 
on-ground; 
2–100 MW for 
rooftop 

(Interreg IVB North Sea Region 
Programme, 2012; Balbaa et al., 2019;  
PIANC, 2019b) 
(Mitzinneck and Besharov, 2019;  
Augustine and McGavisk, 2016; Xiao 
et al., 2020) 

Ocean-based energy 
generation 

High energy efficiency and 
acceptance; multi-application; non- 
impact on landmark 

High initial capital; only suitable for large 
ports; uncompleted technologies; low 
reliability; potential for harming the stability 
of the ecosystem 

1.5–250 MW 
for wave 
energy; 
50–750 kW 
for tidal 
energy 

(Melikoglu, 2018; Espina-Valdés et al., 
2019; Tang et al., 2014; PIANC, 2019b;  
Hiranandani, 2014) 

Geothermal energy 
generation 

High energy efficiency and 
acceptance; multi-applications 

High initial capital; difficulty in low 
geothermal potential; low-expertise 
technologies 

– (Acciaro et al., 2014a; Sifakis and 
Tsoutsos, 2020) 

Alternative fuels Low cost; multi-application; non- 
impact on landmark; circular 
economy in the case of utilizing the 
waste 

High initial capital; low-expertise technologies – (Hanssen et al., 2014; Siemens AG, 2017;  
Uche-Soria and Rodríguez-Monroy, 2019;  
Dvarionienė et al., 2013)  
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tonnage of fuel consumed (IMO, 2010). Detailed comparison of the 
carbon content and emissions characteristics for various fuel types could 
be found in reference (IMO MEPC.1/Circ.681, 2009). 

LNG is a potentially attractive fuel for the shipping industry due to its 
low-carbon content. Compared to HFO and diesel, natural gas is a 
cleaner-burning fuel due to its lower emissions of SOx, NOx, and PMs 
(IMO, 2009a,b). On the path toward achieving a low-carbon future for 
the shipping industry, LNG plays a significant role in advancing the 
decarbonization effort due to its high energy density relative to other 
hydrocarbons or alcoholic-based fuels. In theory, LNG emits 20–25% 
less in carbon dioxide compared to other heavier fuel oils traditionally 
used on marine vessels. However, due to the potential of some methane 
slip, the actual CO2 emissions reduction that LNG could achieve is 
approximately 12–20% (Fernández et al., 2017; Ushakov et al., 2019; 
Hwang et al., 2019). A move from using diesel fuel to dual-fuel such as 
LNG/diesel in powering a ship’s main engine has the potential to reduce 
CO2 emissions up to as much as 10% (Banawan et al., 2010). Performing 
a statistical analysis on the conversion of a two-stroke diesel engine from 
using HFO to LNG, researchers observed a reduction in average CO2 by 
811% and 96%, respectively (Elgohary et al., 2015). In a study by 
Anderson et al. (2015), the authors analyzed the emissions character-
istics of an LNG-powered ship with four dual-fuel engines of 30,400 kW 
at different loads. CO2 emissions for LNG were recorded to be lower than 
those of marine fuel oils. However, the combustion of LNG resulted in 
higher CO and HC emissions. Similar results were observed by Li et al. 
(J. Li et al., 2015) in a high-speed marine dual-fuel diesel engine. Not 
only LNG exhibits positive environmental effects due to its lower CO2 
emissions, but it also demonstrates an important cost advantage 
(Banawan et al., 2010; Ammar, 2019). For spark-ignition gas engines 
and dual-fuel engines, methane slip remains a major obstacle when 
operating at low engine loads (Ushakov et al., 2019). Several limitations 
currently prevent the wider adoption of LNG as a primarily marine fuel, 

such as access to LNG supply, availability of storage infrastructure, un-
certainty related to operational risk, and regulation (Schinas and Butler, 
2016). The additional design adjustment to accommodate the LNG 
storage tank and the power station is likely to increase ship operational 
cost (Burel et al., 2013). Given the insufficient technical and safety 
standards related to storage capabilities, the use of LNG on commercial 
ships remains quite limited (Kumar et al., 2011). However, researchers 
believe in the future growth of LNG applications when considering the 
technological advances related to its production, transportation, and 
storage (Thomson et al., 2015). LNG plays an integral part in the tran-
sition toward a decarbonized future for the global shipping industry 
(IMO, 2016; DNV, 2019). 

Biofuel use is a climate-friendly option in terms of CO2 reduction 
compared to conventional fossil fuels (Gaurav et al., 2017). The appli-
cation of biofuels, including bioethanol and biodiesel, have immense 
potential for the shipping industry (Righi et al., 2011; Bengtsson et al., 
2012). Biofuels have several important advantages over other alterna-
tive fuels such as hydrogen when taking into account the availability and 
diversity of raw materials for biofuel production, simplicity in handling 
and storage, reduced emissions, and high energy density (Ölçer et al., 
2021). Apart from ethanol, methanol is another popular form of alco-
holic fuel (Imran et al., 2013). On an industrial scale, methanol can be 
produced from natural gas or obtained through the gasification of 
biomass. Methanol, particularly bio-methanol, is considered a cleaner 
and more sustainable fuel for the shipping industry due to its low 
emissions of CO2 and other air pollutants. When comparing HFO or 
marine gas oil, the combustion of methanol as the primary fuel used in 
powering marine vessels emits lower amounts of both CO2 and other 
common air pollutants (Gilbert et al., 2018; DNV GL, 2016). In assessing 
the potential application of methanol/ethanol as alternative fuels for 
marine vessels, an evaluation has been conducted by the European 
Maritime Safety Agency on the benefits and challenges of these 

Fig. 6. Integration between smart/energy-efficient technologies with smart energy management (Fundacion Valencia port, 2015).  
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resources in terms of the technical, operational, and economic factors, 
supply availability, environmental impacts, and safety regulations (Ellis 
and Tanneberger, 2015). There are 13 methanol-powered ships are 
currently in operation worldwide (Technology and Applications of 
Autonomous Underwater Vehicles, 2002). The MS Stena Germanica is the 
world’s first major marine vessel to run on recycled methanol since its 
conversion in 2015. The move to ethanol has resulted in a 25% reduc-
tion in CO2 emissions meeting the standards set by the latest ECA reg-
ulations for the ship’s route in the Baltic Sea (Bioenergy, 2016). Given 
the growth in global production of alcoholic fuels from renewable re-
sources, the application of bio-ethanol and bio-methanol in the shipping 
industry has significant potential. Nevertheless, because methanol’ en-
ergy density is lower compared to fossil fuels, larger storage space would 
be needed. Besides, the development of methanol-diesel dual-fuel en-
gines is still very much underway (Imran et al., 2013; Balamurugan and 
Nalini, 2014). Despite the potential positive environmental effects, both 
methanol and ethanol still face considerable obstacles in their applica-
tion onboard marine vessels due to the lack of adequate safety in-
structions, operational experience, and capable infrastructure to satisfy 
the bunkering need (Svanberg et al., 2018). 

Hydrogen is considered a clean fuel due to its near-zero-emissions (e. 
g., CO2, SO2, PMs, etc.) during combustion. Hence, hydrogen has the 
potential to replace conventional fossil fuels as a cleaner alternative fuel. 
Hydrogen fuel is suitable for compression-ignition engines and spark- 
ignition engines, as well as gas turbines and boilers (Bui et al., 2020). 
Among these types of engines, spark-ignition engines can better 
accommodate the hydrogen fuel because its auto-ignition temperature is 
very high (around 585 ◦C) (Mohammadi et al., 2007; Roy et al., 2011). 
Given the current development of hydrogen fuel technology, it is more 
prevalent to find hydrogen-fueled engines operating under dual-fuel 
mode in which hydrogen is added as a supplementary component dur-
ing the combustion of another hydrocarbon fuel (diesel, LNG, biodiesel, 
etc.) (Köse and Ciniviz, 2013; Saravanan and Nagarajan, 2008; Zhou 
et al., 2014). In the shipping industry, hydrogen has been the subject of 
research into suitable vessel engine models to take advantage of the 
fuel’s higher power density and lower emissions. Taking into account 
the life cycle assessment, hydrogen fuel used in marine transport, even 
as a fuel in a dual-fuel engine combining another fossil fuel, has the 
potential to reduce up to 40% of CO2 emissions per unit of transport 
work (Bicer and Dincer, 2018a). 

Considering the availability of generation sources and low emissions 
potential, hydrogen has a critical role in the application as an alternative 
fuel for the transportation industry (Murugesan et al., 2021). Despite the 
current limitations (e.g., low volumetric-energy density compared to 
conventional fossil fuels, lack of adequate storage infrastructure), ad-
vances made on the technological front is likely to overcome these ob-
stacles in the short term. Furthermore, there are important factors (e.g., 
technical feasibility, scalability, and cost-effectiveness, storage, trans-
portation, and distribution (Salvi and Subramanian, 2015; Barreto et al., 
2003)) that influence the sustainable development of the in-future 
hydrogen economy. Although hydrogen has been widely received in 
the fuel cell (Bui et al., 2021), the applicability of marine engines fueled 
with hydrogen to reality is rare. Wärtsilä engine manufacture has 
experimented on spark-ignited engines running on hydrogen and LNG in 
two modes including dual fuel and single fuel. They found that the 
existing dual-fuel marine engines could only work with blends of 
maximum 25% hydrogen without any modifications (Fathom.world, 
2019). However, the engine modification is compulsory for the 
hydrogen proportions more than 25%. Up to now, CMB’s passenger boat 
Hydroville has been known as the world’s first sea-going vessel equip-
ped with engines fueled with dual fuel of diesel and hydrogen. More 
interestingly, HyMethShip have developed a method to use of hydrogen 
and production of methanol for ships by storing only CO2 and methanol 
onboard aiming to eliminate the challenge associated with storing 
hydrogen (HyMethShip, 2019). The fact shows that the storage of 
hydrogen, even with liquefied hydrogen, the tank capacity for liquefied 

hydrogen is also twice higher than that for LNG. Therefore, this disad-
vantage for hydrogen marine engine could be overcome with the 
methanol-based engine technology (shown in Fig. 7). 

Ammonia is non-carbon fuel that can be used as either standalone or 
with another fuel for combustion engines. Several fuels such as diesel 
(Reiter and Kong, 2008; Reiter and Kong, 2011), hydrogen (Westlye 
et al., 2013; Valera-Medina et al., 2017; Boretti, 2012), or methanol 
(Rehbein et al., 2019) can be combined with ammonia to form potential 
fuel mixtures for combustion engines. When being used in direct internal 
combustion engines, ammonia combustion could achieve up to 44% of 
system efficiency (Zamfirescu and Dincer, 2008). Additionally, 
ammonia can be employed as a potential feedstock for hydrogen pro-
duction (Zamfirescu and Dincer, 2009; Giddey et al., 2017). There are 
several key advantages of ammonia over hydrogen fuel, including 
reduced cost per unit of stored energy and higher volumetric-energy 
density. Furthermore, the production, handling, and distribution of 
ammonia are also much more simplified due to the well-developed 
infrastructure. These characteristics have made ammonia an attractive 
energy carrier as well as a competitive candidate over other alternative 
fuels such as hydrogen (Klerke et al., 2008; Lan et al., 2012). Recently, 
the use of ammonia has been proposed as an alternative fuel for marine 
vessels (GL, 2019; OECD, 2018; Klüssmann, J.N.; Ekknud, L.R.; Ivarsson, 
A.; Schramm, 2019; Maritime Knowledge Centre, 2017; Netherlands, 
2017; Lloyd’s Register and UMAS, 2018). Considering its characteristics 
as a zero-carbon fuel, ammonia has immense potential in reducing 
carbon emissions and charting a more sustainable path for the global 
shipping industry. 

Currently, the employment of LPG as an alternative fuel for an in-
ternal combustion engine is of widespread interest, although LPG has 
not had any noticeable contribution to the segment of the marine market 
and the shipping sector, even with small recreational/commercial ves-
sels equipped with outboard or inboard engines (Hoang and Pham, 
2018). The majority of diesel engines are still using LNG and CNG as 
alternative fuels (Ashok et al., 2015). Nonetheless, LPG starts getting 
some attention since the 2020 IMO mandate was issued. The LPG uti-
lization for marine engines fueled with mono fuel found that CO2 
emission was reduced by about 10–20%. In the case of dual-fuel marine 
engines, a small quantity of diesel fuel is for initiating the ignition, 
followed by LPG combustion (Kjartansson, 2012). It was reported that 
up to 97% LPG and 3% diesel could be used for marine engines, leading 
to low CO2 emissions. Indeed, dual-fuel diesel engines are believed to be 
more efficient because of their high performance and reliability in 
comparison with diesel engines working with only diesel fuel. In a recent 
report, Wärtsilä and MAN have conducted their study to use LPG for 
tri-fuel engines, which are running on diesel fuel, LPG, and LNG. The 
first experiment was implemented on a 7300 TEU container ship by 
Wärtsilä. Although such experiments are only initial, the use of LPG 
could be a potential approach to reduce CO2 emission (The WLPGA, 
2017). More interestingly, MAN B&W engine manufacture has proposed 
a scheme for the use of both LPG and ammonia for the marine engine to 
reduce CO2 emissions (Michael Petersen and Eastern, 2019). They re-
ported that there would be a minor modification for the LPG system for 
the application of ammonia as shown in Fig. 8. 

Considering the supply chain, the level of emissions depends on the 
variety of feedstock and process. For example, natural gas-derived 
methanol has shown a life cycle of GHG emissions shows an approxi-
mately 10% higher than those of HFO and marine diesel oil (MDO) 
(Fig. 9). These characteristics are determined by the natural gas supply 
chain, gas reforming, and methanol synthesis process. If methanol is 
derived from recycled sources of CO2, combined with renewable 
hydrogen, special consideration should be paid in terms of carbon ac-
counting to avoid the inappropriate discount of such emissions. 
Compared to liquid fossil fuels and LNG, methanol is more costly, as a 
marine fuel requires additional regulatory and market incentives to 
promote its wider adoption. From a life-cycle assessment, biofuels are 
considered carbon-neutral because the amount of CO2 released during 
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combustion equals that captured by photosynthesis during plant growth 
(Bengtsson et al., 2014). 

Thus, the application of biofuel in the shipping industry yields more 
advantages in terms of lower CO2 emissions compared to fossil fuels. In 
theory, the consumption of biofuels produces net zero CO2 emissions for 
the reason previously stated (Hoang et al., 2022; Kaya et al., 2019). 
However, the overall GHG audit can fluctuate between negative and 
positive values relative to fossil fuels when taking into account the 
production conditions of the power plant from a life cycle perspective 
(Anh, 2021). This particularly true when the amount of energy 
consumed for biofuel production is greater than the amount of energy 
released during its combustion (Hoang et al., 2020). Hence, it has called 
for a more environmentally-sustainable production process for biofuel 
(Petzold et al., 2011; Singh et al., 2014). As shown in Fig. 9, 
next-generation biofuels produce less GHG emissions compared to 
traditional biofuels. In general, the use of alternative fuels for ships 
could significantly reduce CO2 emissions compared to fossil fuel. 

5.2. Carbon capture and storage 

With more attention being paid toward technological solutions for a 
decarbonized world, identifying appropriate methods to handle the 
amount of CO2 released upon the combustion of fuels is as important as 
investing in the development of alternative low-carbon fuels. Carbon 
capture and storage (CCS) refers to a set of different technologies that 
aim to prevent CO2 produced by power stations and factories from 
reaching the atmosphere (Seo et al., 2017). Several approaches can be 

applied to capture carbon emissions from power stations and industrial 
plants, including chemical or physical absorption/adsorption, mem-
brane separation, and novel cryogenic liquefaction (Metz et al., 2005). 
After being captured, CO2 is then transported mainly via pipelines or 
contained in storage tanks carried by ships to designated storage sites 
(Tan et al., 2016), (Xu et al., 2012). In the context of commercial ship-
ping, CCS offers some opportunities for CO2 emissions mitigation (Zhou 
and Wang, 2014). However, there are still technical challenges that 
overshadow the ability to implement CCS onboard marine vessels, e.g., 
higher levels of fuel consumption, additional space requirement to 
accommodate the new CCS system. Previous studies have pointed out 
the use of chemical absorption and membrane separation technology as 
potential candidates to capture CO2 emissions emitted from ships. 

It is estimated that up to 70% of current CO2 emissions from shipping 
could be reduced with the deployment of CCS technologies (IMO, 2011; 
Balcombe et al., 2019). There are only a small number of available 
studies that have examined the feasibility of implementing integrated 
carbon capture systems onboard ships. The majority of these works rely 
on post-combustion capture technologies. A concept draft for designing 
an onboard carbon capture system equipped with liquefaction and 
temporary storage was proposed by the Process System Engineering 
group and Det Norske Veritas. The researchers have estimated the po-
tential of the proposed system in reducing up to 65% of CO2 emissions 
(DNV, 2013). Zhou and Wang (2014) proposed a solidification method 
for on-board CO2 storage in the process of isolating the carbon emissions 
from the exhaust gases. The above strategy is useful considering the 
constant motion of ships during their journey at sea which can be 

Fig. 7. HyMethShip with the engine running on hydrogen and integrated by methanol production system (HyMethShip, 2019).  
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Fig. 8. Scheme of LPG and ammonia system for marine engine suggested by MAN B&W (Michael Petersen and Eastern, 2019).  
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considered a limiting factor for the application of CCS. In the afore-
mentioned process, gaseous CO2 is converted into sodium carbonate in 
the presence of added sodium hydroxide. This solid compound is treated 
with quicklime in solution to form calcium carbonate which can be 
easily and safely stored onboard while en-route to the destination. On 
the other hand, a solvent-based post-combustion carbon capture process 
was proposed by Luo et al. (Luo and Wang, 2017) that can be integrated 
onboard cargo ship to capture CO2 released from the combustion of 
fuels. The authors found a potential capture level of 70% was feasible 
with the integration of the post-combustion carbon capture process in 
the ship’s existing energy system. Furthermore, the availability of an 
extra gas turbine can increase the capture level up to 90%. 

In another study, Van den Akker (van den Akker, 2017) performed a 
carbon capture experiment onboard an LNG-powered vessel in which 6 
m was added to the length of the vessel to accommodate the installed 
CCS system. In a recent technology, the Japanese shipyard and engi-
neering group (Lipsith, 2019) has developed a project to remove CO2 by 
the approach of carbon capture, in which the onboard plant for 
capturing CO2 includes towers for cooling the exhaust, absorbing CO2, 
treating the exhaust, and regenerating the CO2 (Fig. 10). Furthermore, 
the suggested CO2 capture system also has facilities for liquefying and 
storing CO2. However, they have reported that both the return on in-
vestment and technology have been considered as the great challenges 
posing for the decarbonization progress in the maritime area. Besides, 
the carbon capture was found to be not totally effective because its 
capture rate was approximately 86%. Nonetheless, the integration be-
tween the CO2 capture and its subsequent reduction by hydrogen to 
produce methane/methanol fuel, was the most feasible route for large 
ships compared to electrical propulsion, nuclear power, and renewable 
energy. Besides the above-referenced studies, no other literatures on this 
topic are reported. Given this status, additional investigation is war-
ranted to fill the knowledge gap in understanding the effects of capture 
system integration on marine vessels. 

5.3. Alternative power sources 

5.3.1. Wind 
Against the backdrop of the 21st century’s increasingly stringent 

standards for energy efficiency and GHG emissions, the topic of wind- 
assisted propulsion once again has become a popular choice for 
reducing carbon emissions from ships. The current development of 
wind-assisted propulsion comprises both conventional and modern sail 
technologies, including Flettner rotors, kites or spinnakers, soft sails, 
wing sails, and wind turbines (Carlton et al., 2013). Even though these 
sails are not capable of providing total propulsion power for modern 
merchant ships, they can generate additional propulsion thrust, espe-
cially during high seas (Staffell and Pfenninger, 2016), that allows for 
fuel-saving while sustaining the vessel’s full speed (ITF OECD, 2018; 
Hirdaris and Cheng, 2012). Wind-assisted propulsion has been observed 
to be more effective under slow-speed conditions (e.g., less than 16 
knots) (Smith et al., 2013) and on smaller-sized vessels (e.g., 3000–10, 
000 tons) (Smith et al., 2016), which make up about one-fifth of the 
global cargo fleet. Depending on the ship class, design compatibility 
might differ to avoid potential obstruction and conflict with the cargo 
handling process (Carlton et al., 2013; Traut et al., 2014). Based on the 
results from statistical and modeling analyses, between 15% and 25% of 
the current thrust power provided by the existing ship’s propeller sys-
tems could be replaced by wing sails. Hence, the potential reduction in 
fuel consumption would result in lower CO2 emissions from ship oper-
ations (OECD, 2018; Balcombe et al., 2019; Halim et al., 2018; Viola 
et al., 2015), (Q. Li et al., 2015). Among the commercialized products, 
SkySails propulsion system is one of few success stories which makes up 
of a towing kite attached to a rope propelling the ship forward under 
prevailing winds. According to its manufacturers, the SkySails system is 
stated to reduce up to 50% of fuel consumption from ships under optimal 
weather conditions and between 10 and 15% reduction on average in 
annual fuel consumption (GmbH, 2019). In another example, the 
Enercon E-Ship 1 is a testimony for the successful application of the 
Flettner Rotor-Sail system on a cargo ship. On its first sea trial between 
Emden, Germany, and Portugal, it was claimed to save up to 22.9% in 
fuel consumption. In the case of a Ro-Ro carrier equipped with two ro-
tors, 5% of fuel savings on an annual basis was recorded for the M/V 
Estraden (Lu and Ringsberg, 2019). 

Besides the examples of wind-assisted propulsion systems mentioned 
above, there are also opportunities for on-board mounted wind turbine 
generators (Eyring et al., 2005). According to recent publications, there 
is a wide range of potential fuel savings gained from different sail 
technologies, including 2–24% for a single Flettner rotor, 1–32% for a 
towing kite (Traut et al., 2014), up to 25% for a foldable eConowind’s 
sail unit (IWSA, 2018). At lower sailing speeds, estimated fuel savings 
from wind-assisted propulsion can vary between 10 and 60% (Smith 
et al., 2013). Even though there are only a handful number of cases in 
which companies have tested the effectiveness of integrated sail tech-
nologies into existing merchant vessels (FathomShipping, 2012), the 
future of such application remains uncertain due to its relatively nascent 
development (Carlton et al., 2013). Compared with other types of 
wind-assisted propulsion systems, on-board wind-turbine systems have 
yielded lower fuel savings. Hence, their potential application remains 
quite narrow (Delft, 2016). Given the dearth of information and reliable 
financial data on the application and operation of wind-assisted pro-
pulsion on marine vessels, it is challenging in providing full cost analysis 
on the utilization of such systems (Rehmatulla et al., 2017). Overall, 
opportunities for commercialization and future uptake of various 
wind-assisted propulsion systems are limited by the high initial financial 
commitment, complex operational and control procedures, and the 
stochastic nature of wind energy. Coupled with the fact that fossil fuels 
remain relatively inexpensive and a slow-growth experienced by ship-
ping sector, investors are still shunning research and development of 
wind-assisted propulsion technologies. Future investigations on this 
subject should focus on wind energy application on marine vessels along 

Fig. 9. GHG emission data from various biofuels compared to fossil fuel 
(Gilbert et al., 2018; Svanberg et al., 2018; Balcombe et al., 2019; Union, 2009; 
Lowell et al., 2013; DNV, 2016; Bengtsson et al., 2011; Ohashi, 2015; Cofala 
et al., 2007; Hsieh and Felby, 2017; Stephenson and MacKay, 2014; Florentinus 
et al., 2012). 
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Fig. 10. CO2 capture technology in the ship (Lipsith, 2019).  
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specific shipping lanes and optimization of sail types and configurations, 
as well as the automated control systems. 

5.3.2. Solar 
Solar PV systems have been installed on ship upper decks as a way to 

provide additional power to the ship’s electrical equipment. The use of 
solar energy on merchant ships has been shown to contribute toward 
lowering fuel costs and CO2 emissions (Glykas et al., 2010; Liu et al., 
2019). Due to several constraints (e.g., low and uneven solar irradiance, 
lack of adequate space for mounted PV systems), the amount of energy 
generated from solar PV systems onboard vessels have generally been on 
the low side and fallen short of meeting the energy required for ship 
propulsion. Considering this unfortunate fact, the idea of full 
solar-powered cargo ships is simply impractical. However, solar PV 
systems are still capable of generating additional energy in powering 
auxiliary functions of cargo ships and the main operations of smaller 
boats. 

There are several examples of integrated hybrid solar and wind 
systems onboard shipping carriers, including automated kite sails from 
SkySails, a 3000-ton ‘zero-emission’ cargo vessel from B9 Shipping, the 
UT Wind Challenger hybrid freighter equipped with nine solar sails 
(FathomShipping, 2012), the EMP Aquarius (Global, 2018) and the 

Nichioh Maru (OECD, 2018). Among these, the power generated from 
solar PV systems is only enough to power auxiliary demands (Carlton 
et al., 2013; Pfenninger and Staffell, 2016). Several studies have re-
ported between 0.2% and 12% in terms of solar energy generation on 
marine vessels as the potential method for CO2 reduction (Bouman et al., 
2017). A solar-wind hybrid system from an integration with 
wind-assisted propulsion technologies could achieve 10–40% in 
fuel-saving (FathomShipping, 2012). However, additional empirical 
data is needed to confirm these claims and the potential 
cost-effectiveness of these systems. Recently, Karatuğ et al. (Karatuğ and 
Durmuşoğlu, 2020) have proposed an innovative solution to the 
configuration problem of solar arrays onboard a Ro-Ro marine vessel. In 
their study, the authors tested the proposed system design for a vessel 
traveling between Pendik, Turkey, and Trieste, Italy, and assessed its 
theoretical performance (Fig. 11). Based on the applicable methodology, 
the authors recorded a 7.76% improvement in the vessel’s energy effi-
ciency, while the solar PV system was able to generate enough power to 
displace 7.38% of the fossil fuel requirement. This equals to 232.393 
tons of CO2 saved from being emitted into the atmosphere. However, the 
solar PV generates direct current, while the majority of onboard elec-
trical equipment on the load side uses alternating current. The inherent 
incompatibility combined with the high variability of solar power 

Fig. 11. Location of the solar array on the ship, achieved power, and reduced level of CO2 emission (Karatuğ and Durmuşoğlu, 2020).  
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generation with time and location, has motivated the need for the 
development of capable energy management systems and research into 
energy optimization and management strategies (Tang et al., 2018a). 

The safe measures while applying photovoltaic panels in producing 
electricity for the ships in their voyage should be considered because the 
intensity of solar radiation tends to differ when ships sails through 
different sea area. Indeed, the diverse uncertainties from renewable 
sources and onboard power loads should be solved by using a robust 
coordination measure aiming to guarantee a safe and reliable voyage. 
Therefore, the development of integrated energy systems that could 
have the capacity in capturing and storing energy is one of the critical 
strategies to target zero-emission from ships. For example, Li et al. (Z. Li 
et al., 2020) proposed a hybrid AC/DC MES microgrid structure 
(including the combined cooling heat and power unit, heterogeneous 
energy storage (battery storage and thermal storage), photovoltaic sys-
tem, power-to-thermal conversion unit, diesel generators, bidirectional 
converter) with the flexible voyage and thermal loads by employing the 
two-stage robust optimization method. As reported in previous works, 
the combined cooling heat and power could be operated by utilizing 
natural gas with safe, convenient, and renewable (Hansen and Wendt, 
2015; Li and Xu, 2018). The generated waste heat from the electricity 
production of the combined cooling heat and power unit could be 
recovered to generate thermal energy for the heating/cooling demand 
(Y. Chen et al., 2019; Zhang et al., 2019). Besides, thermal storage and 
power-to-thermal conversion unit could be used to enhance the dispatch 
flexibility of the system through the storage, release, or conversion of 
energy forms (Li and Xu, 2019), while power and thermal energy could 
be simultaneously produced by the photovoltaic system and the com-
bined cooling heat and power unit. In this integrated system, diesel 
generators were used to produce electricity using diesel fuel, and battery 
storage was primarily employed to avoid the frequent start-up of the 
diesel generators as well as it could provide backup for power system 
(Othman et al., 2018a; Othman et al., 2018b). 

Wind and solar energy are renewable energy resources with a high 
degree of intermittency, in which weather plays a crucial factor in the 
performance of wind and solar systems. Besides, there are also other 
variables including geographical location, season, and the efficiency of 
solar panels (Salem and Seddiek, 2016; Teeter and Cleary, 2014). 
Despite the large potential and key advantages of solar power applica-
tion in the shipping industry, there are still major obstacles that need to 
be addressed. Additional improvements related to system efficiency, 
potentially diminishing performance due to weather-related factors, and 
inadequate energy management capability is highly warranted to ensure 
the continued development of solar energy applications in this sector 
(Glykas et al., 2010). 

5.3.3. Fuel cells 
Currently, a broad majority of ships have been employing diesel 

engine-driven generators for electricity production, in which there is a 
conversion of chemical energy into electricity through a thermal- 
mechanical process. On the contrary, electricity in the fuel cells (FC) 
is found to be directly produced from chemical energy without a 
thermal-mechanical process (Inal and Deniz, 2020), indicating that this 
energy conversion has omitted the indirect route through a 
thermal-mechanical process in engines (Tronstad et al., 2017). There-
fore, a significant reduction of CO2, NOx, and PM emissions could be 
seen for FCs although FCs could achieve efficiencies as high as the use of 
diesel engines (Van Biert et al., 2016). 

A recent study has demonstrated the outstanding performance over 
conventional internal combustion engines when combining the high- 
efficient electric propulsion system with close to 95% energy effi-
ciency with ~45% efficient fuel cells (C, 2017). Another important 
positive characteristic of fuel cells is the smooth and seamless operation 
without the concern over potential noise or vibration that could nega-
tively impact the marine ecosystems (Sapra et al., 2021). Furthermore, 
to generate the same amount of power output, a diesel generator and a 

micro gas turbine would consume 44% more fuel than what is required 
in a typical fuel cell (Welaya et al., 2011). Similar to batteries, the main 
characteristics of FCs are modular nature. Moreover, the single cell’s 
intrinsic performance in FCs was found to be similar to that of a large 
stack (Sapra et al., 2021; Wachsman and Lee, 2011), leading to the 
produced power that could be distributed to the ships without any ef-
fects on the increase in the fuel consumption, a reduction of transport 
losses and the improvement of redundancy. Besides, good characteristics 
for the part-load of FC systems were reported because the increase in 
mechanical losses was found to have only an impact on the auxiliary 
components’ parasitic loads. It also caused a decrease in electrochemical 
losses (Ahn et al., 2019; Payne et al., 2009; Xing et al., 2021). For this 
reason, the FC systems are believed to offer great potential for maritime 
application. Indeed, the classification of FC and their applicability for 
ships are summarized in Table 5. 

Initial applications of fuel cells among submarines and autonomous 
underwater vehicles were first found in the twentieth century. More 
recently, pilot-scale demonstrations of fuel cell applications for com-
mercial types of marine vessels have been developed, e.g., METHAPU, 
ZemShip, FellowSHIP, and E4Ships (De-Troya et al., 2016), in which 
passenger ship (ZemShip) equipped the commercial FC system is illus-
trated in Fig. 12a (Pospiech P, 2014). These projects have been trialed on 
small to medium-size vessels due to the insufficient amount of power 
that fuel cells can generate to propel large cargo ships. In the case that 
these large cargo ships are at berth, one study has shown fuel cells is a 
capable power source for cold-ironing (Pratt and Harris, 2013). 
Currently, examples of commercial ships that are equipped with fuel cell 
systems remain scarce. Specifically, only 23 marine fuel cell projects at 
various stages of development were identified by DNV GL in 2017 
(Tronstad et al., 2017). The Viking Lady was the first commercial ship to 
debut fuel cell technology as a supplementary source of propulsion 
power to the main diesel engine running on LNG. In this case, the 
particular fuel cell system could be supplied with either hydrogen or 
methanol (with appropriate reconfiguration) and could reduce up to 
20% of the ship’s CO2 emissions (Ovrum, 2012; Technology, 2010). 

Proton exchange membrane fuel cells, alkaline fuel cells, and direct 
methanol fuel cells, molten carbonate fuel cells and solid oxide fuel cells 
are preferable alternatives for marine applications with higher power 
demands (Dimopoulos et al., 2016). As a clean source of energy, 
hydrogen fuel cells produce no CO2 emissions and no air pollutants 
(Staffell et al., 2019). Even though hydrogen fuel cells emit no CO2 
emissions in the production of electricity through an electrochemical 
conversion process, potential emissions associated with the hydrogen 
supply chain should be carefully analyzed (Andrews and Shabani, 
2012). Depending on the source of hydrogen production, the carbon 
footprint might vary (Speirs et al., 2018; Balcombe et al., 2018). As 
shown in Fig. 9a, the amounts of CO2 emissions vary significantly among 
the three different applications of hydrogen fuel cells, ranging between 
113 and 997 gCO2eq/kWh. On the other hand, hydrogen fuels are still 
relatively more expensive compared to conventional fossil fuels (Raucci 
et al., 2015). Researchers have pointed at the potential for the prices of 
hydrogen to become more competitive with the falling cost of electro-
lyzers (Schmidt et al., 2017a). As part of the cost reduction strategy, 
hydrogen fuels could be used for certain point-to-point routes between 
major ports with capable infrastructures or in a small geographic area 
(Farrell et al., 2003). However, given the large power demand required 
by major classes of marine vessels, fuel cell technologies are not 
currently capable of displacing conventional multi-main engines in ships 
(Vogler and Wursig, 2011). In order to integrate renewable energy 
sources into the ship propulsion system aiming to enhance the energy 
efficiency and reduce CO2 emission, Evrin and Dincer (2019) have 
proposed a zero-CO2 emission system including absorption cooling 
refrigeration, solar, wind-based turbines, SOFC-based fuel cells, a bot-
toming cycle, and a steam power plant for the power generation as 
shown in Fig. 12b. They reported that the overall energy of the suggested 
integration system was 41.53%. 
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In general, FC systems could offer a highly-efficient approach to 
produce the onboard electricity from various logistic fuels with nearly 
zero-CO2 emission. Nonetheless, for the hydrogen-based FC system, total 
system volumes for hydrogen storage could be 1.5–5 times higher than 
that of other alternative logistic fuels in the case of sailing times >100 h. 
Moreover, FC systems working at high temperatures could obtain higher 
overall efficiency by utilizing hydrocarbon fuels in combination with 
bottoming cycles. Normally, ships operated by FC systems were reported 
to attain relatively low CO2 emission and they appeared to be suitable 
for several-day mission ships. In the case that ships had a longer inde-
pendent operation, they were suggested to use more dense logistic fuels 
combined with a less dense gaseous-fuel. 

5.3.4. Nuclear 
Modern application of nuclear power in marine propulsion has been 

limited to only warships and various types of navy vessels, including 
submarines and aircraft carriers, and icebreakers (Khlopkin and Zotov, 
1997). Due to the large capital expenditure required for the initial in-
vestment and operational and maintenance costs, nuclear-powered ships 
have fallen short of their potential and failed to become profitable 
(Freire and De Andrade, 2015; Schøyen and Steger-Jensen, 2017). 
Among the key advantages, the operation of nuclear-powered cargo 
ships has less of an environmental impact due to the elimination of 
potential CO2 emissions and air pollution. However, safety issues are 
among the top issues related to nuclear-powered marine propulsion and 
could impede the wider adoption of the technology in the shipping in-
dustry (Kontovas, 2014). Besides, the remaining obstacles related to the 
distribution, testing and monitoring of equipment and parts, nuclear fuel 
production and decommissioning could slow down its development 
without the introduction of capable solutions (Wang et al., 2013). 

5.3.5. Electric propulsion systems 
Similar to that found in a hydrogen fuel cell-powered propulsion 

system, a motor is a critical component in electric propulsion systems 
that are driven mainly by a device capable of storing electrical energy 
(Smith et al., 2014; Nguyen and Hoang, 2020). Currently, a proposal has 
been put forward by “Norwegian Electric Systems” in developing hybrid 
engines and electric propulsion systems (S, 2017). The company has 
tested the use of electric propulsion systems containing rechargeable 
lithium-ion batteries on two of its ferries. These vessels operate on 
designated-route with high emission standards set by the Norwegian 
Road Authorities (S, 2017). Even though no economic analysis has ever 
been performed on electric propulsion ships, battery costs are consid-
ered the primary cost driver for electric propulsion systems that is ex-
pected to decrease with advances in technology. Another important 
factor to consider is the cost of electricity or fuel used for charging the 
batteries (Schmidt et al., 2017b). As depicted in Fig. 13, contained 
within the shipboard microgrid of full-electric ships, lies an energy 
network (blue lines and arrows) and a communication network (green 
lines and arrows). Power is supplied by the generators and batteries via 
the energy networks to the propulsion and electrical system (Fang et al., 
2019). 

While the propulsion load is primarily responsible for propelling the 
ship, the remaining service load consists of a variety of onboard 

equipment, including radar and navigational systems, air conditioning, 
and other electrical devices. Options to integrate renewable energy are 
available as potential solutions to improve the energy efficiency of full- 
electric ships. In contrast to convention marine vessels which are pro-
pelled primarily by mechanical power produced by the prime motor, 
electric power is the only means of power in driving and operating full- 
electric ships. From this perspective, a full-electric ship can be concep-
tualized as a “mobile microgrid” (Lan et al., 2015; Wen et al., 2016). 
Even though the operation of full-electric ships is physically detached 
from the seaport, several logistical issues remain related to voyage 
scheduling of ship to ensure an accurate time of arrival (Zhen et al., 
2016), navigation route optimization for safety or efficiency and others 
(Goel et al., 2015; Kano et al., 2015). While at berth, full-electric ships 
can be switched to the cold-ironing mode which allows for the 
down-time of the onboard generators. Hence, the shipboard microgrid 
effectively turns to a grid-connected microgrid. 

Considering emissions reduction strategies, several studies have 
proposed different measures that can be applied to the ship propulsion 
system. According to these observations, the median estimate of the 
potential reduction achieved by the above-mentioned measures is rather 
on the low side. The wide range of emissions reduction potential also 
reflects the contrast in the performance of conventional engine systems 
and other hybrid models. Based on the above results, biofuels demon-
strate the highest CO2 emissions reduction potential. Nevertheless, such 
potential can be amplified by the synergetic and system-related effects 
resulted from the wide-scale adoption of biofuels. Differences in bio- 
feedstock and calculation methods are the two main factors that affect 
the CO2 reduction potentials of biofuels. However, variations in type, 
quality, and production process can yield different CO2 emissions 
reduction of biofuel products. On the other hand, how the reduction 
potential is measured and calculated can also affect the final analysis. 
For example, plant-based biomass is considered carbon-neutral due to 
the absorption of CO2 during plant growth. Hence, the amount of CO2 
released during the combustion of biofuel does not result in net positive 
emissions. Despite its promising potential, the conversion to LNG as the 
primary fuel for marine vessels remains controversial. Compared to 
other conventional fossil fuels, LNG which comprises mostly methane 
has a lower emissions potential during combustion. However, the issues 
of methane leakage from engines can exacerbate the problem given that 
methane is also a very potent GHG. Because LNG is a carbon-based fuel, 
CO2 emissions will continue to occur as a result of its combustion. 
Taking into account the relatively long time that CO2 stays in the at-
mosphere (Archer et al., 2009), the continued infrastructural investment 
and deployment of a non-renewable and carbon-based resource like LNG 
is likely to lead the industry down a high-carbon and less sustainable 
path that is inconsistent with the current global climate goals set out by 
the Paris Agreement (Gilbert et al., 2014). Alternatively, wind and solar 
are clean, renewable energy resources with different potential for 
application in the current industry. In terms of emissions reduction 
potential, wind energy prevails over solar power. The performance and 
cost-effectiveness of technologies, such as sails, kites, and solar PV cells 
that leverage these renewable energy resources depend on the type and 
design of the vessels. Given the surface area constraint on most ships, the 
utilization of deck-mounted solar PV panels is more effective in 

Table 5 
Operating characteristics of fuel cells for ship application (Tronstad et al., 2017; Van Biert et al., 2016; Xing et al., 2021; Ahmed and Dincer, 2011; McPhail et al., 
2011; Kulkarni and Giddey, 2012; Office of Energy Efficiency & Renewable Energy, n.d.; Rosli et al., 2017; Baldi et al., 2020).  

Types Size Cost Lifetime Working-temperature range, oC Electric efficiency (%) Power, kW Disadvantages 

AFC Small Low Medium 60–200 50–60 <500 CO2 poisoning 
DMFC Medium 75–120 20–30 <5 Methanol crossover 
HT-PEMFC Medium 160–220 50–60 – CO + S poisoning 
PEMFC Low 65–85 50–60 <120 
MCFC Large High Good 650–700 50–55 120–10,000 S poisoning; a long time for the start process 
PAFC Medium 140–200 40–55 100–400 CO + S poisoning 
SOFC Medium High Medium 500–1000 50–60 <10,000 S poisoning; a long time for the start process  
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Fig. 12. (a) - Scheme of elements and layout of FC system in ZemShip (Pospiech P, 2014); (b) – The present principle flow diagram of FC system with the 
integration of other renewable energy sources (Evrin and Dincer, 2019). 
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smaller-sized vessels traveling on routes with higher solar irradiance. 
Similarly, wind-assisted propulsion systems perform better on ships 
sailing with stronger prevailing winds. In terms of fuel cell application, 
little information could be found in the available literature. Despite its 
potential, the potential of supplying the bulk of energy for ship opera-
tion from fuel cells remains questionable. Deploying hybrid systems on 
marine vessels offer additional opportunities for efficiency improvement 
(e.g., equipping backup battery with existing combustion engines). In 
this case, the battery system can serve as a buffer to satisfy peak power 
demands and to improve the efficiency of combustion engines by dis-
placing low power operations. 

In general, modern ships could operate either with the hybrid system 
or fully on electricity, in which such ships usually require the battery 
energy storage systems that are charged by an onboard or in-harbor 
power system (Kumar et al., 2020). In this way, the electricity that is 
locally generated from renewables could have a balance between the 
load demand and power supply without increasing the power capacity. 
More importantly, the harbor grids could also supply surplus power for 
other purposes. Due to this reason, optimization of the size and location 
of battery energy storage systems is considered as the challenging task 
aiming to employ the battery energy storage system the most efficiently 
(Wong et al., 2019; Yang et al., 2018). Indeed, battery energy storage 
systems should have an appropriate size and proper thermal manage-
ment strategy to satisfy the above-mentioned goals (Subramanian et al., 
2021). With an appropriate size, battery energy storage systems could be 
located on ships or at certain substations, allowing the required power to 
be continuously supplied. Therefore, optimizing the size of battery en-
ergy storage systems should be further and more thoroughly studied to 
develop the electricity ship fleet in the future. 

Compared to the estimated business-as-usual emissions, the different 
CO2 emissions reduction potentials at the fleet level are provided in 
Table 6. For all alternative power sources except for nuclear power, 

emissions reductions can vary between 20% and 77%. The maximum 
reduction potential increases to 95% when including nuclear power as 
an alternative power source (Eide et al., 2013). In terms of projection, 
the longer the time frame is, the higher the emissions reduction poten-
tials become. Particularly, the median reduction rates for 2020, 2030, 
and 2050 correspond to 35%, 39%, and 73%, respectively. Several 
studies have reached similar conclusions finding the highest emissions 
reduction potentials (58–77%) for 2050 or later (Eide et al., 2013; 
Lindstad, 2013). These results suggest the longer amount of time it takes 
to fully realize the potential of the adopted reduction measures. Not 
including the nuclear power scenario, the emissions reduction potentials 
for 2050 are consistent with the estimated figures provided in the Sec-
ond IMO Study (Buhaug et al., 2009). It is noteworthy to point out the 
underlying assumptions used to arrive at the CO2 emissions reduction 
estimates. Hence, these potentials are not only based on the adopted 
technical and operational measures, but also future growth scenarios for 
marine transportation. Emissions potential estimates can vary depend-
ing on the forecasted scenario. Particularly, the period up to 2030 ob-
serves an increase of 65% in emissions, while another scenario yields a 
maximum 34% reduction potential. The observation reflects the fact 
that it is unrealistic to obtain absolute emissions reduction figures given 
the continued increase in total marine transport volume without the 
introduction of solutions offering much larger and better-matched 
improvement potential. 

6. Combination of the port-to-ship pathway for CO2 emission 
reduction 

Regarding the management of operational efficiency and emissions 
at the ship-port interface, measures are considered for the ports that 
ships are scheduled to arrive and allowed to moor, also known as ports of 
call. Studies have provided comparisons of shipping GHG emissions to 

Fig. 13. Principle scheme of full-electric ships (Fang et al., 2019).  
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port emissions in Port of Barcelona (Villalba and Gemechu, 2011), 
63–78% of port emissions in Port of Oslo (López-Aparicio et al., 2017), 
61% in Port of Gothenburg, 66% in the Port of Osaka, 8% in the Port of 
Sydney, and 18% in the Port of Long Beach (Styhre et al., 2017), 53% of 
GHG emissions from ships in San Pedro Bay for ships at berth (SPBP, 
2017). Therefore, the use of alternative power when ships docks at ports 
could be considered as one of the useful solutions to reduce CO2 
emissions. 

Alternative maritime power, which can be referred to as cold ironing, 
onshore power supply, shore-to-ship power supply, or shore-side elec-
tricity is a practice of supplying power from a shore-side source to ships 
at berth. Currently, it is an effective strategy in emissions control and 
pollution prevention (IMO, 2018a). The power generated from port 
mobile variable-frequency and variable-voltage sources can replace the 
use of onboard diesel generators. There are three main parts included in 
the alternative maritime power, namely onshore power supply system, 
shore-ship connecting system, and onboard power receiving system (as 

depicted in Fig. 14) (Mayur Agarwal, 2020). Once connected to the 
onshore power supply, a local port grid can supply the ship’s power 
demands, while its main boilers and auxiliary engines can be switched 
off (J. Chen et al., 2019; Hall, 2010). According to Styhre et al. (2017), 
there is a large emissions reduction potential associated with the use of 
onshore power supply, however, the corresponding magnitude of saving 
depends significantly on the source of electricity (Sciberras et al., 2016). 
The reduction potential can be maximized when the supplied electrical 
power comes from renewable resources, such as a combination of wind 
or hydro or solar and wind energy (Winnes et al., 2015). In the case of 
San Pedro Bay Ports, the use of onshore power supply in powering 
harbor craft, which reduces up to 6% of GHG emissions, has been 
implemented. Specifically, port workers can charge hybrid tugboats into 
on-shore power while they are sitting at the berth or waiting on a station 
(Ports of Los Angeles and Long Beach, 2017). In another example, Port of 
Hamburg’s operator has deployed an onshore power supply to charge 
battery-equipped AGVs and other mobility vehicles (Acciaro et al., 
2014b). Particularly, the use of an onshore power supply in charging 
electric or hybrid harbor crafts and locomotives has been gaining 
considerable traction (ESPO, 2012). 

To reduce potential carbon emissions and noise pollution from ships, 
most leading ports have provided access to shore-side facilities that are 
capable of supplying power to berthing vessels as. With available op-
tions in sourcing power from multiple sources of renewable energy such 
as hydro, wind, solar and nuclear, cold ironing is an integral part of 
achieving a low-carbon and more sustainable port operation (Sciberras 
et al., 2016). Possible generation sources of electricity provided from the 
grid can include renewables, LNG, or other forms of power (Zis et al., 
2014; Sciberras et al., 2015a; Coppola et al., 2016a,b). The use of 
electricity can replace fuel consumption and reduce potential CO2 
emissions. Hence, the use of cold ironing offers greater benefits and 
savings to ports with higher average ship handling times (Zis et al., 
2014). Applications of onshore power supply can be found in port ter-
minals around the world, including Europe (e.g., Gothenburg (RoRo), 
CMP (Cruise), Antwerp (containers); the United States (e.g. ports of 
containers or containers/RoRo); and Asia (e.g. Osaka (RoRo), and 
Shanghai (containers)) (O Merk, 2014a,b), (Peng et al., 2019), (Tseng 
and Pilcher, 2015). Based on observations of UK ports, one study has 
shown the use of cold-ironing was responsible for 10% and 2% in CO2 
and SO2 emissions reduction, respectively (Zis et al., 2014). The record 
has shown a significant amount of pollutant emissions, 94%–97%, was 
reduced upon its implementation (Corbett et al., 2007). Similarly, a 
study was carried out to analyze the potential CO2 emissions reduction 
from the adoption of cold ironing at ports located in countries with 
major coastlines (Hall, 2010). The authors observed the sharpest drop in 
CO2 emissions of 38% in the case of China. Among European ports, 
onshore power supply calling is enabled for 25 shipping lines and over 
300 ships (Efforts, 2014). According to the WPCI, currently there are 
only 28 major ports worldwide that are using the onshore power supply 
in various specialized terminals which suggests a relatively low onshore 
power supply utilization rate (Bergqvist and Monios, 2019). The lower 
electricity consumption as a result of cold-ironing practice is the primary 
driver in achieving potential emissions reduction. For bulk freighters, 
the use of shoreline power supply outperforms onboard fuel consump-
tion in terms of cost advantages, especially for ports located in countries 
with electricity prices well below $0.19/kWh (Yiğit et al., 2016). The 
use of cold ironing is even more cost-effective for the operation of cruise 
ships while docking at ports because most passengers do remain on 
board and the ship’s electrical load can be served by shoreline power 
supply through cold-ironing (Tseng and Pilcher, 2015; Ballini and 
Bozzo, 2015). Based on the referenced case studies, cold-ironing has the 
potential to reduce on average 29.3% of CO2 emissions which is equal to 
196.6 tons of CO2. Furthermore, leveraging on shoreside power can help 
ship operators and port management to save up to 75% in terms of 
operational and energy costs (Yiğit et al., 2016). Depending on the local 
and regional regulations, emissions reduction potential can differ 

Table 6 
Potential approaches for the efficient use of energy and the reduction of CO2 
emissions for ships.  

Approaches Classification CO2 emission 
reduction 
level 

References 

Power 
system 

Hybrid system 2–45% (Solem et al., 2015; Wärtsila, 
2009; Lindstad et al., 2015;  
Sciberras et al., 2015b;  
Lindstad and Sandaas, 2016) 

Electricity 1–35% (Balcombe et al., 2019; Nguyen 
et al., 2020; ITF OECD, 2018;  
DNV GL, 2017; Tillig et al., 
2015; Solem et al., 2015) 

Nuclear 0–100% (ITF OECD, 2018; DNV GL, 
2017; Hirdaris et al., 2014) 

Waste heat 
recovery 

1–20% (ITF OECD, 2018; Hoang, 
2018; Gilbert, 2014; Wärtsila, 
2009; Deniz, 2015; Baldi and 
Gabrielii, 2015; de la Fuente 
et al., 2017; Zhu et al., 2020) 

Alternative 
fuels 

LNG 5–30% (ITF OECD, 2018; El-Houjeiri 
et al., 2019; Sharafian et al., 
2019; Lindstad et al., 2020;  
Lindstad and Rialland, 2020) 

Hydrogen 0–100% (Bicer and Dincer, 2018a; ITF 
OECD, 2018; DNV GL, 2017;  
Pan et al., 2014; Bicer and 
Dincer, 2018b) 

Ammonia 0–100% (ITF OECD, 2018; DNV GL, 
2017; Bicer and Dincer, 2018b; 
Kim et al., 2020; Hansson et al., 
2020; Schönborn, 2021) 

Biofuels 25–84% (Bengtsson et al., 2014; Eide 
et al., 2013; Lindstad et al., 
2015; Grahn et al., 2013;  
Brynolf et al., 2014a) 
(Gilbert, 2014; Brynolf et al., 
2014b; Taljegard et al., 2014;  
ITF OECD, 2018; DNV GL, 
2017) 

Renewable 
energy 

Wind 1–50% (Psaraftis, 2016; Schmitz and 
Madlener, 2015; Lindstad 
et al., 2015) 

Solar 0.2–12% (Karatuğ and Durmuşoğlu, 
2020; Gilbert et al., 2014;  
Lindstad et al., 2015; Cotorcea 
et al., 2014; Qiu et al., 2015;  
Yuan et al., 2018) 

Fuel cells 2–75.8% (Sapra et al., 2021; Lindstad 
et al., 2015; Ghenai et al., 
2019; Wu and Bucknall, 2020;  
Villalba-Herreros et al., 2020;  
Klebanoff et al., 2017; İNAL 
and Deniz, 2021; Roh et al., 
2019)  
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significantly resulting from the divergent policies and cost factors 
related to air pollution control. In general, the application of onshore 
power supply could significantly reduce CO2 emission, the obtained data 
was given in Table 7. 

Despite the benefits of cold-ironing, successful deployment of such 
technology remains quite difficult in practice (Tseng and Pilcher, 2015; 
Tsekouras and Kanellos, 2016). There are several technical barriers 
related to interface requirements including proper voltage and correct 
connection type, as well as other external factors related to the ability of 
the power utility to serve the port, and the grid integrity and security 
(Tseng and Pilcher, 2015). Before the start of cold-ironing deployment, 
port managers should perform various assessments on the power quality 
and the reliability of the local power system (Tsekouras and Kanellos, 
2016). Particularly, an additional backup generator should be made 
available as the ship receiving power system is plugged into two sides to 
ensure a higher quality power supply (Tsekouras and Kanellos, 2016). 
The integration of smart electrical interfaces can enhance the perfor-
mance and efficiency of cold-ironing (T. Coppola et al., 2016a,b). 
Additional investigations on the impacts of electric characteristics on 
cold-ironing could offer a greater understanding of maintaining good 
quality and reliable power supply for cold ironing (Sciberras et al., 
2015a). Tang et al. (2018b) confirmed the potential cost saving of uti-
lizing hybrid energy systems in managing multiple power sources (e.g., 
solar PV, battery, diesel, cold-ironing) on marine vessels up to 20% of 
savings from electricity costs. Even though the amount of fuel consumed 
by berthing ships only accounts for a small percentage of the total en-
ergy consumption throughout the lifetime of a vessel, there are still 
significant benefits gained from the practice of cold ironing. While 
achieving lower CO2 emissions and air pollution, the downtime of ship’s 
generators allows for the elimination of potential noise pollution from 
ships while berthing. There also positive impacts on the coastal marine 
habitats, as well as the physical and mental health of neighboring 
communities (Ballini and Bozzo, 2015). There is a strong need for 
established regulatory frameworks and financial incentives to overcome 

the large initial financial commitment for infrastructural investment. 
Furthermore, more streamlined ship operations can be developed to 
motivate ship operators and port management boards to start imple-
menting cold ironing practices (Zis, 2019; Winkel et al., 2016). 

In recent years, the smart grid has been using as a new concept 
aiming to harness the potential of renewable energy sources and reduces 
CO2 (PIANC, 2019b). As reported, the smart grid provided an integrated 
platform for the port-grid/ship-grid/or port-to-ship grid including 
electric grid technologies and sensors (Giuseppe Parise et al., 2015a,b; 
Lam et al., 2017), battery technologies (Siemens, 2017), monitoring 
systems (Mondragon et al., 2015), control tools, and communication 
technologies (Yiğit et al., 2016). In a report of Siemens, they believed 
that the smart grid would replace the traditional grid to reduce CO2 
emission in the ports of the future generation (Siemens, 2017). Indeed, 
Yigit et al. (Yigit and Acarkan, 2018) explored the integration between 
the port with ships, they indicated that the smart grid infrastructure 
would offer remarkable benefits for the port-to-ship interactions. For the 
application of the smart grid to the port-to-ship interactions, it was also 
discussed in some EU project (Delnooz et al., 2012; Green Efforts, 2014). 
The scheme of the smart grid was suggested in the study of Fang et al. 
(2019) as shown in Fig. 15a. In another study, Tao et al. (2014) have 
indicated the potential and contribution of renewable energy sources to 
the smart grid, as shown in Fig. 15b, showing that the utilization of 
renewable energy sources could offer a significant benefits for reducing 
CO2 emissions. However, it was reported that the utilization of the smart 
grid in ports have been facing challenges relating to communication 
infrastructure, cost, safe level, and legal implications (PIANC, 2019b). 
Therefore, the roadmap for the application of the smart grid in ports 
should be comprehensively studied. 

7. Conclusions and future scenarios 

Throughout this review article, an overall discussion on the different 
strategies to reduce CO2 emissions from ships and ports has been 

Fig. 14. Scheme of a shore-to-ship power supply system (Mayur Agarwal, 2020).  
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provided through the careful examination of different low-carbon fuels, 
alternative clean renewable energy sources, as well as supporting reg-
ulatory framework. The authors have also offered several analyses and 
revealed important conclusions with regards to the potential and current 
obstacles in adopting a wide range of mitigation solutions in reducing 
CO2 emissions from ship and port operations. 

Through effective management and operational practices with the 
aim toward a low-carbon and sustainable shipping industry, potential 
energy and emissions reduction along with significant cost savings can 
be gained by ship operators and port authorities. Additional deployment 
of smart energy management systems, battery storage, energy conver-
sion, and consumption monitoring can enhance potential energy sav-
ings. Apart from electrification as the main approach, ports and ship 
operators can consider integrating LNG, dual-fuel, and hydrogen fuel 
cell systems as alternative means of power generation. 

Alternative fuels remain a major driving force in leading the shipping 
industry toward a low-carbon and sustainable path. As more commercial 
ships are converted from conventional HFO and MDO to cleaner and less 
carbon-intensive fuels, such as LNG, the potential in achieving signifi-
cant CO2 emissions can be realized. However, the risk of methane slip, 
which is the major component in LNG, reduces the overall CO2 emissions 
reduction to 8–20% relative to the consumption of HFO and MDO. 
Biofuels are another potential source of alternative fuel that can be 
utilized onboard marine vessels. When combining with other fuels, 

biofuels become an attractive candidate due to their excellent com-
mercial viability. Nevertheless, the wide range of different types of 
biofuels leads to high variability in emissions, costs, and applicability of 
these resources. Increase dependence on biofuels as the primary trans-
portation fuel has a certain inherent degree of risk to the sustainability of 
the industry in the long run (i.e., feedstock supply and fuel prices). Be-
sides, hydrogen and ammonia are two rising candidates that are antic-
ipated to make headway in the future market for alternative marine 
fuels. Particularly, they can be proven highly cost-effective among niche 
markets such as inland, coastal and short sea shipping routes over long- 
distance journeys. Overall, only LNG is the one alternative fuel that is 
presently economically viable. Further investment in infrastructural 
improvements and adoption of supportive policy frameworks are 
needed to provide momentum for wider uptake of these alternative 
marine fuels in the global shipping industry. 

The alternative marine fuels mentioned above indicated that 
renewable energy resources such as solar and wind offer important 
benefits in improving the efficiency in ship operation and propulsion 
allowing for potential fuel savings. Even though solar energy cannot 
fully replace the ship’s main generators, it can be used to supply auxil-
iary power in certain ship models. Currently, nuclear power application 
on commercial vessels remains limited and can be expected to stay that 
way in the short term. However, the potential of such technology is still 
worthy of continued research into potential future applications despite 
the limited scope of research available on the subject. 

Fuel cell technology provides an opportunity for decarbonization of 
the shipping industry given the zero-emissions characteristics of fuel 
cells. There is an urgent need for more thorough investigations on the 
technological advances, feasibility studies, and pilot demonstrations to 
fully explore the potential of fuel cell application on marine vessels. In 
the current stage of technological development and capability, re-
searchers have advocated for the utilization of hybrid power systems 
and those that are specifically designed and optimized for selected ship 
models and shipping routes. These seem to be the most practical and 
cost-effective considering the current market conditions. The growth of 
energy storage technologies and design improvements of smaller-sized 
ships enables the future development of ship models that would be 
able to be powered mostly from alternative fuel sources. At the present, 
the nascent growth in the development of carbon capture storage 
technologies in maritime applications offer little potential without key 
research breakthrough and/or supporting policies. 

For sustainable port operations, there are several opportunities for 
achieving port decarbonization, including electrification, hybridization, 
and alternative fuel measures. When these approaches are combined 
with the utilization of renewable energy, the potential benefits can be 
greatly enhanced. Currently, costs and difficulty in operation due to the 
complexity of the technology are the two main obstacles preventing the 
uptake of renewable energy in the maritime industry. With the intro-
duction of supportive policy frameworks and appropriate financial 
incentive mechanisms, the adoption of renewable energy will be likely 
to trend upward. The availability of energy management systems has 
become a driving force in the performance and efficiency improvement 
of electrical and hybrid power systems while providing both regulation 
to the electrical demand and supply from the intermittent renewable 
resources and the electrical/hybrid power system on the consumer side. 

Energy efficiency improvements not only can result in lower GHG 
emissions but also produce positive economic effects. Additional mea-
sures are available to improve the sustainability of port operations, such 
as enhancing the cooperation between the port authority and city gov-
ernment, green policies allowing for ports to leverage on financial in-
centives offered by the government to reduce the cost of investment in 
sustainable practices and efficiency improvements. In its position, ports 
hold a critical role as the kingpin in influencing the shipping and 
trucking behavior toward more environmentally and climate-friendly 
practices. In other words, as ports implement key energy efficiency 
measures, the potential spillover effect can start to make an imprint on 

Table 7 
CO2 emissions reduction level as applying alternative power to ship.  

Ports Types of alternative 
power 

CO2 emissions 
reduction level 

References 

Kaohsiung, 
Taiwan 

Cold-ironing 57.16% Zis et al. (2014) 

European port 40% Sciberras et al. 
(2016) 

Fort 
Lauderdale, 
US 

9.4% Hall (2010) 

Oslo, Norway Hydroelectric 
power 

99.5% Hall (2010) 

France Nuclear power 85.0% 
Port of 

Kaohsiung 
Onshore power 
supply 

57% Chang and Wang 
(2012) 

Ports of 
Antwerp 
and Genoa 

50% Acciaro et al. 
(2014b) 

Port of 
Shenzhen 

20% (Y.C. Yang, 2017) 

Aberdeen Port 4767 tons Innes and Monios 
(2018) 

Gothenburg 
Port 

10% and 5% for 
RoRo-ferry and 
container vessels, 
respectively 

Winnes et al. (2015) 

Cartagena 
Port 

10,000 tons/year Gutierrez-Romero 
et al. (2019) 

Various ports 50% Krämer and 
Czermański (2020) 

Oslo Port Onshore power 
supply in combined 
with the reduced 
speed-zone 

15% (López-Aparicio 
et al., 2017) 

Port of 
Ancona 

Shore-to-ship power 
supply 

87% (deduced 
from energy 
saving) 

Colarossi and 
Principi (2020) 

European 
ports 

Shore-side 
electricity 

3.7% Stolz et al. (2021) 

Port of 
Shanghai 

50% Dai et al. (2019) 

Germany/ 
France/UK/ 
Norway 

1296–1312 tons Dai et al. (2020) 

Port of 
Shanghai 

34,000 tons Wang et al. (2021)  
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the actors in the industry supply chain. Hence, the enhanced coopera-
tion among key stakeholders, as well as different port authorities in the 
region, is essential for achieving a greater GHG emissions potential from 
the synergetic effects from such active collaboration. Furthermore, ports 
can also implement measures to improve energy distribution, design 
more effective power management plans, devise strategies to better 
handling of reefer containers, and invest in more renewable energy 

infrastructure. On-site distributed renewable generation can supply 
clean energy to be used for port equipment or sell to the utility grid. The 
future of next-generation ports depends on the successful implementa-
tion and deployment of smart microgrids. Besides, the availability of 
combined heat and power plants is viewed as potential carbon capture 
and storage facilities for port operations. 

With the expected growth in demand for maritime shipping 

Fig. 15. (a) - Scheme of a smart grid system for the port-to-ship strategy (Fang et al., 2019); (b) - Breakdown on the energy supply with the smart grid (Tao 
et al., 2014). 
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activities, a potential emissions cap would ensure the industry is on the 
right track toward a more sustainable future. An innovative cap-and- 
trade system could ensure the limit on the total carbon emissions 
while allowing for a certain degree of flexibility to achieve the indi-
vidual requirements among the various actors in the industry. The 
additional revenue stream created from the auditing and trading process 
can provide a fund that supports climate progressive projects and initial 
investment for renewable energy infrastructure, and provide possible 
compensation for developing countries that are negative impacted by 
the emissions cap. More importantly, this funding is possible to incen-
tivize the various emissions reduction and efficiency improvement 
measures. Well-defined regulations are needed to ensure the lowest risk 
for carbon spillage. 

In the end, the combination of several elements, namely fuels, 
technology, and policy, is at the crux of the issue from both the short- 
term and long-term perspective. Energy efficiency, both technology 
and policy schemes, remains the most important measure in both sce-
narios, while the focus on the potential of nuclear, renewables, and 
hydrogen technologies is more appropriate to be placed in the longer 
timeframe. Eventually, underlying policy frameworks are urgently 
needed to provide the operating parameters for the continued decar-
bonization of the industry. Looking ahead to the fuOk, Ênture, addi-
tional energy-saving and emissions reduction strategies within the 
maritime transportation sector should continue to be promoted and 
researched for innovative ideas. As progress is being made on the 
technology side, windows of opportunities to optimize the energy effi-
ciency and emissions reduction potential will sooner or later be fully 
realized. 
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