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Greenhouse gas (GHG) emissions from ports have gained increasing attention
due to their significant impact on climate change. Nevertheless, the existing
research in this domain remains fragmented, with limited generalizable findings.
To address this gap, an integrative framework is proposed in this study to
systematically review the literature and identify future research directions.
Using the Web of Science database, a bibliometric analysis of 230 documents
and an in-depth review of 68 studies are conducted, focusing on emission
sources, emission calculations, and abatement technologies. Key findings can be
drawn as follows: (1) Research on port-related GHG emissions has expanded
rapidly since the Paris Agreement, but international collaboration and
institutional coordination remain insufficient, hindering the development of
comprehensive solutions. (2) Inconsistent classification of GHG emission
sources across studies leads to biases and limits comparability. Reclassifying
emissions based on equipment operation locations could improve both accuracy
and cross-study alignment. (3) Activity-based approaches are the primary
methods for emissions assessment but heavily rely on static emission factor
datasets, particularly for container ports. Expanding these datasets for diverse
port types, updating localized factors in real-time, and integrating alternative
energy sources can enhance adaptability and accuracy. (4) Current mitigation
strategies focus on technological innovations, energy substitution, and
operational optimization. However, limitations such as high implementation
costs, slow commercialization, and insufficient policy support continue to
impede progress. To achieve zero-carbon port operations, future research
should prioritize the integration of technical innovations with economic and
policy frameworks. A multidisciplinary approach is essential for overcoming
current barriers and promoting sustainable practices in port management.
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1 Introduction

Ports are essential hubs in the logistics supply chain, facilitating
swift regional trade and socio-economic advancement
(Xu et al.,, 2024a). However, port operations (e.g., loading,
unloading, storage, and transportation) are energy-intensive,
generating significant greenhouse gas (GHG) emissions. These
emissions contribute to climate change and cause health risks to
port workers, which would potentially impact job satisfaction and
undermine the overall efficiency of port activities (Jiang et al., 2017).
In 2023, the shipping sector accounted for 3% of global GHG
emissions (UNCTD, 2024). In response, governments and
organizations have established various ambitious decarbonization
objectives to support low-carbon and sustainable port development.
For example, in 2020, the Chinese government announced a target
to peak carbon emissions by 2030 and achieve carbon neutrality by
2060 (Wang and Li, 2023). Similarly, the International Maritime
Organization (IMO) developed a strategy aimed at cutting annual
GHG emissions from the shipping industry by 70%-80% by 2040
compared to 2008 and reaching net zero GHG emissions by
approximately 2050 (IMO, 2023). Furthermore, the International
Association of Ports and Harbors (IAPH) has encouraged port
authorities to prioritize the GHG reduction initiatives in response to
the IMO’s decarbonization goals (IAPH, 2024).

Despite these global efforts, reducing GHG emissions from
ports remains a challenging task, due to the diverse sources of
GHG emissions and the intrinsic complexity of port operations.
Earlier studies have explored various solutions, including shore
power technologies, energy efficiency improvements, alternative
fuels, and hybrid energy systems. Several review articles have
synthesized findings to guide the selection of abatement
technologies. For instance, Iris and Lam (2019) analyzed 146
studies to identify opportunities for improving energy efficiency
in ports through operational strategies and technological
innovations. Similarly, Alzahrani et al. (2021) reviewed 35
documents related to the decarbonization of seaports and
examined the effects of renewable energy, smart control
technologies, regulatory landscapes, etc., on the reduction in the
seaport carbon emissions. Subsequently, Wang et al. (2023)
reviewed 57 Chinese and 79 English publications to identify
emission sources and evaluate the effectiveness of abatement
technologies. Wang and Li (2023)reviewed 49 studies on
methodologies for estimating carbon emissions, emphasizing the
emission reduction technologies for ships, quay cranes, yard trucks,
and yard cranes. More recently, Wang et al. (2024a) conducted a
bibliometric analysis examining the characteristics, emission
inventories, applications, and energy management approaches of
shore power systems.

Although these previous reviews have advanced the
understanding of port-related GHG emissions, they mainly
focused on specific aspects such as emission sources, abatement
technologies, or calculation methods. Such fragmented approaches
limit the ability to analyze comprehensively the complex interaction
among the characteristics, abatement strategies, and their
effectiveness. Accordingly, this study aims to bridge such a gap by
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proposing an integrated framework combining bibliometric
analysis and systematic review. Specifically, it aims to address the
following issues. (1) What are the annual trends in research
outcomes on GHG emissions from ports in the Web of Science
database? Who are the leading authors in this field? Which journals
focus on this area? What is the temporal evolutionary path of the
research theme? (2) What are the identified sources of GHG
emissions from ports within the existing studies? What methods
are used to calculate GHG emissions? What strategies have been
implemented to reduce GHG emissions? (3) What are the emerging
trends in the evolution of research topics in this field? What gaps
exist in the current research? What research directions should be
focused on to reduce GHG emissions more effectively in future?

The remainder of the sections are organized as follows: Section
2 describes methodology and framework for the literature review.
Section 3 addresses Issue 1 through the bibliometric analysis,
focusing on trends, key contributors, and thematic evolution in
the field of port GHG emissions. Subsequently, Section 4 addresses
Issue 2 through a systematic review of further screened literature,
which can provide comprehensive investigations of the emission
sources, calculation methods, and abatement measures of GHG
emissions from ports. Section 5 identifies research gaps and
discusses future directions to address Issue 3. Finally, Section 6
concludes the study by summarizing key findings
and contributions.

2 Research framework and methods

In this study, a framework that combines bibliometric analysis
and systematic literature review is applied to provide a
comprehensive and insightful analysis of the collected literature.
As illustrated in Figure 1, the proposed research framework can be
divided into 4 steps.

In step 1, relevant topic terms were selected to retrieve detailed
literature on GHG emissions from ports using the Web of Science
(WoS) database. WoS was selected for its extensive collection of
peer-reviewed, high-quality publications across multiple disciplines,
including science, engineering, technology, and social sciences.
Compared to other databases, WoS applies rigorous indexing
standards, ensuring that credible and influential research is
included. Given the multidisciplinary nature of the port-related
GHG emissions research, spanning the fields like science,
technology, engineering, and social sciences, the search was
confined to the Science Citation Index Expanded and Social
Science Citation Index to ensure high-quality results. Moreover,
to capture a broad range of studies, the search terms have included
keywords related to ‘port’ (e.g., port, seaport, and harbor) and
‘GHG’ (e.g., GHG, greenhouse gas, carbon dioxide, CO,, carbon
emission, and carbon footprint). The search was limited to journal
articles published between January 1, 2010, and August 31, 2024, to
focus on the relevant findings, resulting in the identification of 1,612
articles. In step 2, the retrieved articles were then screened based on
their titles, abstracts, and research areas. Articles unrelated to GHG
emissions or port operations were excluded. Accordingly, the
dataset was refined to 230 articles, which were subsequently
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FIGURE 1
Flow chart of research framework (N is the number of literature).

bibliometrically analyzed in Step 3. CiteSpace was selected as the
bibliometric tool for its advanced capabilities in visualizing co-
citation networks and identifying emerging trends. Compared to
other tools like VOSviewer (Jiang et al., 2020), which primarily
focus on clustering and simpler visualizations, CiteSpace offers
unique advantages, such as highlighting the temporal progression
of research themes and identifying citation bursts. These features
make it particularly effective for analyzing the dynamics of a rapidly
evolving field like port-related GHG emissions. The analysis was
conducted using CiteSpace 6.4.R1 (64-bit, advanced edition),
including the enhanced features and improved compatibility for
handling large datasets. Based on the findings of the bibliometric
analysis, 68 significant articles were selected for an in-depth
systematic review in step 4. The selection criteria for this stage
included: (1) The literature should incorporate at least one element
related to GHG emission resources, calculation methods, and
reduction measures. (2) When multiple studies addressed similar
topics, preference was given to the most recent publications in high-
impact journals to ensure the inclusion of up-to-date and
authoritative findings. This systematic review can facilitate a
thorough analysis of high-quality and relevant literature,
providing valuable insights into port-related GHG emissions and
guidance for future research directions.

3 Visualization results of the
bibliometric analysis

3.1 Overview of current research status

Over the past 15 years, the annual publication trends of 230
papers on GHG emissions from ports were analyzed, as shown in
Figure 2. A clear turning point in the number of papers on GHG
emissions from ports was evident between 2016 and 2017. Before
2016, GHG emissions from ports appeared to receive limited
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Step 4: Systematic review

(N=68)

attention, with a peak of only 5 papers published in 2014. In
contrast, following the Paris Agreement signed in 2016, research
in this area surged in 2017. The agreement mandated substantial
action from most nations to combat climate change. From 2017 to
2023, the number of published papers increased over five times
during a seven-year span. Notably, the number of publications in
2024 was reduced to about 80% of the 2023 total. Considering that
the dataset only includes papers published up to August 2024, it is
reasonable to anticipate that the total number of papers in 2024 will
surpass that of 2023.

There were 765 authors on these papers, with the top 5 authors
ranked in Table 1 in terms of the total number of publications and
citations. Most of these authors are Chinese scholars. Specifically,
regarding the ranking of the document numbers, all of them are
from China, except for Gonzalo Fernandez-Sanchez, a Spanish
scholar with 4 papers. Among the Chinese scholars, Lu Zhen
ranked first with 7 publications, followed by Wenyuan Wang
with 6 papers. However, the citation rankings highlight
opportunities for improvement among Chinese scholars. The two
foremost researchers, Cagatay Iris from the UK and Jasmine Siu Lee
Lam from Denmark, each authored three publications,
accumulating nearly 400 citations.

The analysis of author collaborations found limited cooperation
among scholars from different countries and regions. Among them,
the largest collaborative network includes only 24 authors, as shown
in Figure 3.

The node size is proportional to the number of published
articles, while the color of each circle within the node indicates
the average publication time of the article. As shown in Figure 3,
Yang Yang and Stefan Voss hold central positions in the
cooperation network. In recent years, they have consistently
published on this topic and actively collaborated with other
researchers. Figure 4 shows that 50 research institutes focus on
GHG emissions from ports, and 15 of them form the largest
cooperation networks.
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FIGURE 2
Annual trends in publication numbers from 2010 to 2024.

It is evident that Shanghai Maritime University leads in
publication volume with 32 papers. Its consistent output across
different periods demonstrates sustained research productivity. The
university has established strong collaborations with notable
institutions such as the University of Twente, Shenzhen
University, the Chinese Academy of Sciences, and the South
China University of Technology. Dalian Maritime University and
Dalian University of Technology rank second and third in
publication volume, with 19 and 11 papers, respectively. Despite
its significant contribution, Dalian University of Technology has a
distinct research focus that diverges from the research interest of

TABLE 1 Ranking of authors according to publications and citations.

Ranking Author Publications Citations
of
documents
1 Lu Zhen 7 52
2 Wenyuan Wang 6 224
3 Yun Peng 5 187
4 Xiangda Li 4 155
Gonzalo
5 Fernandez- 4 131
Sanchez
Rankin o Documents
xing Citations
of citations
1 Cagatay Iris 396 3
s Jasmine Siu 304 3
Lee Lam
3 Wenyuan Wang = 224 6
4 Yun Peng 187 5
5 Xiangda Li 155 4
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other institutions in this collaboration network. In contrast,
Shanghai University, with a total of nine publications, ranks third,
highlighting its notable research contributions in this domain.

A review of public sources indicates that these papers were
published across 88 journals. Notably, there is significant variation
in the number of papers published by different journals. Specifically,
Sustainability published 30 papers, ranking first and approximately
double the output of the Journal of Cleaner Production, which
ranked second with 16 papers. Journals ranked 3rd to 5th in
publication volume are Journal of Marine Science ¢ Engineering
(15 papers), Maritime Policy & Management (11 papers), and
Ocean & Coastal Management (9 papers).

Further analysis revealed that these documents were cited by
papers published in 310 journals, with the largest cooperation
network comprising 27 journals, as shown in Figure 5. The node
size in the figure represents citation intensity, with larger nodes
indicating higher levels of citations. The color coding of the various
node circles corresponds to the citation period. It is evident that
Journal of Cleaner Production, Transportation Research Part D,
Maritime Policy & Management, Energy Policy, and European
Journal of Operational Research are the journals that have been
consistently focused on and cited.

3.2 Visualization results of research
hotspots analysis

Keywords typically represent research interests, fields, objects,
topics, and methods, forming the basis for analyzing the research
hotspots. A total of 1159 keywords were extracted from these
papers. By examining the co-occurrences and associations of
these keywords, the largest connection network comprising 27
keywords was generated, as shown in Figure 6. Particularly, the
keywords ‘greenhouse gas emissions,” ‘green ports,” and ‘shore
power’ appeared with the highest frequency. Besides, the
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FIGURE 3
Cooperation networks between authors.

keywords ‘greenhouse gas emissions,” ‘green ports,” ‘shore power,’
‘emission calculation,” ‘carbon taxation,” and ‘container ports’ are
identified as crucial nodes with high centrality in the network
(highlighted by purple circles), linking various research topics.
Given the fragmented nature of research topics in this field,
Figure 6 illustrates that the largest co-occurring network of
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keywords comprises only 27 nodes. To further analyze the focus
and current state of various topics, the keywords were clustered. As
shown in Figure 7, the five most prominent clusters were selected.

As shown in Figure 7, the red cluster (#0) is labeled as ‘green
ports.” Studies in this category have extensively explored shore
power, covering topics such as its utilization and installation costs,
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energy efficiency, government subsidies, and carbon taxes. The
yellow cluster (#1), labeled ‘ghg emission’, focuses on
environmental efficiency, multimodal transport, suitable terminal
capacity, etc. Cluster #2 is represented by green and labeled as
‘emissions calculation.” Its primary focus is on ship emissions and
energy efficiency, with a goal of optimizing design and operation.
Cluster #3 is represented by blue and labeled as the keyword ‘carbon

tax,” which refers to a special tax based on total GHG emissions that
aims to incentivize ports to reduce GHG emissions (e.g., berth
allocation and port microgrid) and promote energy transformation
through economic strategy. It not only effectively reduces GHG
emissions but also provides financial support for constructing and
maintaining low-carbon facilities (e.g., cranes) in ports, making it a

crucial tool for improving ports’ competitiveness. Besides, the
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Visualization results of keyword clusters.

purple cluster (#4) is associated with ‘low carbon.” Studies in this
cluster mainly focus on low-carbon technologies for container
terminals, with particular attention to shore power, the coupling
coordination of various technologies, and their empirical
application. Accordingly, Figure 8 illustrates the temporal
evolution of various research themes.
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As shown in Figure 9, the evolutionary path of keywords can be
categorized into three stages: early (2010-2015), middle (2016-
2020), and recent (2021-2024). In the early stage, research
primarily focused on fundamental issues related to GHG
‘ship emissions’),

emissions from ports (e.g., specific

responsibilities (e.g., ‘corporate responsibility’), and regulatory
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FIGURE 9
Classification of Port GHG Emission Sources.

requirements (e.g., ‘environmental management’). In the middle
stage, research expanded to address climate change, with a strong
focus on GHG emissions (e.g., ‘emission calculation’) and
increasing attention to mitigating its effects through economic
tools (e.g., ‘carbon taxation’) and management strategies (e.g.,
‘energy efficiency’). In the recent stages, research has shifted
toward implementing practical technologies and policies aimed at
reducing emissions. These efforts include innovative technologies
(e.g., ‘shore power, ‘berth allocation,” and ‘crane maintenance’),
policies (e.g., ‘carbon trading, ‘government subsidies,” ‘energy-
efficient shipping,” and ‘design and operation optimization’) and
sustainable operational strategies (e.g., ‘socio-technical dynamics,’
‘port microgrid,” ‘hydrogen integrated system,” just-in-time arrival,’
and ‘shipping supply chain’).

4 Systematic review of the current
primary research

Based on the bibliometric analysis results, 68 papers were
screened for systematic review considering their content,
analytical methods, and findings. The review process is composed
of three sections.

4.1 Review of literature related to
emissions sources

The review indicates that port operations involve a complex
workflow relying on various equipment and machinery. These
consume diverse energy types and generate multiple sources of
GHG emissions with distinct characteristics. Depending on the
purpose of the study, emission sources can be categorized in various
ways, as shown in Figure 9, where one common categorization
method follows the guidelines outlined in Carbon Footprinting for
Ports (WPCI, 2010). Moreover, emissions can be classified based on
source mobility into stationary sources, mobile sources, purchased
electricity, and employee commuting (Azarkamand et al., 2020).

Scope 1 (direct emissions) and Scope 2 (indirect sources)
address GHG emissions from vehicle fleets, loading/unloading

Frontiers in Marine Science

facilities, buildings, and other auxiliary facilities directly owned
and operated by the port. Specifically, Scope 1 accounts for direct
GHG emissions from the consumption of fossil fuels (e.g., diesel,
gasoline, biofuels, and natural gas), while Scope 2 covers indirect
emissions from purchased electricity. Moreover, Scope 3 includes
emissions from other sources, such as direct and indirect emissions
generated by port tenants during operation (e.g., ships, vehicles,
equipment, buildings, and auxiliary facilities) and emissions from
employee commuting.

At container terminals, shore cranes and mobile port cranes
perform loading and unloading operations between ships and the
shore. A range of equipment is utilized within the yard, including
rail-mounted gantries, rubber-tired cranes, empty container
handlers, container reach stackers, and forklift trucks. Moreover,
container transshipment between the shore and the yard is mainly
accomplished by terminal tractors and container trailers. Due to the
requirement for significant flexibility and high power, the early
design and manufacture of rubber-tired cranes, mobile port cranes,
container reach stackers, and forklift trucks are frequently powered
by diesel engines. Similarly, container tractors are typically diesel-
powered to meet the requirement for long-range operation and
adaptability to complex road conditions. At the Port of Valencia, a
case study indicated that rubber-tired gantry cranes and tractors are
the primary source of GHG emissions within the land area,
contributing about 68.1% of total emissions (Martinez-Moya
et al, 2019). In the case of Ambarli Port, fuel-powered equipment
for container operations emitted 77.16% of total GHG emissions
(Oksas, 2023). Specifically, container tractors, container reach
stackers, empty container handlers, mobile harbor cranes, and
rubber-tired cranes account for 65.95%, 11.88%, 9.01%, 3.87%,
and 1.57% of emissions, respectively. However, a study on the
Port of Ningbo highlighted the significant environmental impact of
rubber-tired cranes, which ranked as the second-largest source of
emissions after ship operations, consuming approximately 3 tons of
diesel annually (Chen and Zeng, 2022).

Indirect GHG emissions from port equipment powered by
electricity sourced outside the port boundaries fall under Scope 2.
Although these units do not produce GHG within the port
boundary, emissions are generated externally during energy
production, particularly when fossil fuels like coal are used. At
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the Port of Ningbo, transitioning rubber-tired cranes to electric
rubber-tired cranes can reduce GHG emissions by about 13,000
tons of standard coal equivalent annually (Chen and Zeng, 2022).
At Ambarl Port, indirect GHG emissions from electricity used by
container-handling equipment account for about 22.84% of the
total emissions (Oksas, 2023). Specifically, shore cranes, rail-
mounted gantries, rubber-tired cranes, and mobile harbor cranes
account for 32.29%, 31.26%, 19.83%, and 14.56%, respectively. The
findings from a case study of the Oslo port demonstrated that GHG
emissions belonging to Scope 2 accounted for about 34% of the total
emissions (Azarkamand et al., 2020). In addition to equipment
usage, cargo storage procedures in port yards generate GHG
emissions through electricity consumption. For example,
refrigeration is frequently needed to preserve goods stored in the
port yards. Other auxiliary services requiring electricity
consumption, including lighting, machinery maintenance, waste
disposal, and office operation, also contribute to indirect GHG
emissions. According to Moros-Daza et al. (2024), reefer containers,
lighting, and offices account for 47.87%, 12.70%, and 5.53% of total
port GHG emissions, respectively. By comparison, a case study of
Chennai Port found that indirect emissions from electricity
consumed by equipment (e.g., cranes, lighting, building air
conditioning, reefer containers, and auxiliary facilities) within
Scope 2 contributed about 11.01% of total emissions (Misra
et al., 2017).

Existing studies on Scope 3 emission sources have primarily
concentrated on ship-related emissions. The main sources of GHG
emissions from ship activities are identified as navigation and the
stopping process. Depending on the location of the stopping, they can
be further divided into two stages: stopping at the anchorage for
waiting in line and berthing at the wharf for operations. GHG
emissions from ships maneuvering in port waters are typically
measured during their 12-mile voyage between the port boundary
and terminal berths. It is worth noting that for these two different
processes, there are no consistent conclusions on which of these two
stages could produce more GHG. A recent case study in Tianjin Port
revealed that ships at berth were a major source of GHG emissions
due to their substantial tonnage and extended operational hours at
the terminals (Qi et al, 2024). Conversely, an earlier study on
container terminals found that port maneuvering accounted for
51.13% of total GHG emissions, while the berthing process
contributed only 0.57% (Sim, 2018). Beyond GHG emissions from
operating ships in port waters, emissions from auxiliary ships at ports
also require consideration. A study of Mediterranean ports reported
that seven tugboats emitted an average of 1,024.8 kilograms of GHG
per hour (Murcia Gonzalez, 2021). Additionally, Scope 3 also
includes GHG emissions from employee commuting and cargo
transport between port yards and the hinterland via various
transport modes (e.g., train, trailer, and pipeline). However, the
emission sources included in Scope 3 varied across these studies. A
case study at Oslo port considered only commuter-related GHG
emissions within scope 3, which accounted 22% of total GHG
emissions (Azarkamand et al., 2020).
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4.2 Review of literature related to
emissions calculation

Reliable quantification of GHG emissions based on the
characteristics of their sources is an essential precondition for
comprehending their contribution to climate change and
designing effective decarbonization strategies. To ensure
consistency and comparability in GHG emissions reporting, the
IPCC has established guidelines for national-level GHG inventories,
offering a standardized framework for compiling data across
various countries. The guidelines were first published in 1996,
and were then comprehensively revised in 2006, with further
updates in 2019 (IPCC, 2019). Following this guideline, the
World Ports Climate Initiative (WPCI) published a detailed
guidance document on port carbon footprinting in 2010, which
outlined the boundaries and calculation methods for GHG
accounting (WPCI, 2010).

The recommendations for calculating GHG emissions from
ports mainly utilize three different approaches, depending on the
level of detail in the emission inventory, i.e., the activity-based, the
surrogate-based, and the hybrid methods. The activity-based
calculation methodology is widely applied in the literature for
comprehensive analysis of port GHG emissions and the
development of target mitigation strategies.

G, =E; x F, )

where G; represents the amount of GHG emissions from
source i, typically expressed in weight units (e.g., kilograms or
tons of CO2 equivalent, CO2E). Notably, equivalent CO, is used
because the IPCC Guidelines classify multiple gases as GHG
(e.g., N,O and CH,), which are converted to CO,E using global
warming potential (GWP) factors. The GWPs of CO,, CH,, and
N,O are 1, 21, and 310, respectively. E; represents energy
consumption, which depends on the performance and activity
data of the equipment. Relevant data includes engine rating,
actual power consumption, fuel consumption rate, etc. Activity
data for the equipment includes operating hours/miles, load
factor and fuel consumption, etc. F; is the CO,E emission
factor, representing the GHG emissions generated per unit of
energy or fuel consumed.

Within this framework, a revised calculation formula was
proposed (Geerlings and Van Duin, 2011), as shown in Equation 2,
specifically for the operating activities of container terminals.

11 5
Gr = EE((VL]' X fp) + (Py; X fg))

=11
T )
Vi;j = ni)j X (Cl,j + C,-,in”j), 14 1] eT

Pij=mn;; X pi;

where Gp represents the total CO, emission produced at
terminal T, i refers to the type of operating equipment (e.g., quay
cranes, barge cranes, rail cranes, reach stackers, automated stacking
cranes, rail-mounted stacking cranes, and automated guided
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vehicles), while j indicates the operating mode (e.g., inland
shipping, road, rail, shortsea, and inter-terminal transport). fp
denotes the emission factor per liter of diesel, and f; is the
emission factor per kWh of electricity. n;; specifies the number of
equipment i operating in mode j. Cj;and ¢;; refer to the fixed and
variable fuel consumption per equipment, respectively. X;;
represents the distance travelled by equipment i in mode j, while
pijindicates the fixed electricity consumed per equipment.

Equation 3 presents an improved calculation formula proposed
to quantify emissions from specific sources, including ocean-going
ships, harbor craft, cargo handling equipment, heavy-duty vehicles,
and railroad locomotives (Mamatok and Jin, 2017). This formula
allows for a comprehensive assessment of emission reduction
measures across different scenarios.

ny
Gogy = EGMEU) + Gup(i) + Gag(i)

i=1

L . Sea® ) D) (Sl
ZE{MCR(') P 22Ny Ksm(lo) e (sm;ig .

Dyu(i)
Sm(i)} }

" D D
+§FAE X {2 X Ny x {(LAH‘U) X SS;,((I;)) + (LAEM(i) X S:((:)))] + (Lag(i) % Hb(i))}

+§(<LABM(1‘) X ?m((:)) X Fap X 2 % Nv) + (Lagum (i) % Hy (i) x FAB))
i=1 'm

Gpe = %Gm:(i) = %(ch(i) X Lep(i) X Ocr(i) X Ecpp(i)

i=1 i=1
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=1 =1
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i=1

g h
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=1

G = iGRL(i) = %(RLP(i) X Lyp(i) X Opp(i) X Eppg(i))
i=1 i=1
(3)

where Gogy represents the total GHG emissions from ocean-
going ships, and G,(i) refers to emissions from the main engines.
These emissions are calculated using the maximum continuous
rated power of the main engines (MCR(7)), the navigation speed
(Ssea(i)), the maximum speed (Sp. (7)), the navigation distance
(Dy(#)), the emission factor for main engines (Fyg), and the
annual number of ship visits (Ny). Gag(i) represents the total
GHG emissions from auxiliary engines. These are calculated
based on the average auxiliary load during navigation (Lagr (7)),
the emission factor for auxiliary engines (F4g), average auxiliary
load during maneuvering (L4gy(i)), the maneuvering distance
(D, (1)), the maneuvering speed (S,,(i)), the average auxiliary load
at berth (L,gp(i)), and the berth hours (H,(i)). G,p(i) represents
total GHG emissions from auxiliary boilers, determined by the
average boiler load during maneuvering (L4p,,(i)) and the emission
factor for auxiliary boilers system (F,p). Gyc represents the total
GHG emissions from harbor crafts, calculated using the rated
power (Rcp(i)), load factor (Lcp(i)), annual operating time
(Ocr(i)), and the emission factor of engine (Fcpp(i)). Geur
represents the total GHG emissions from cargo handling
equipment, calculated based on the rated power (Ryp(i)), load
factor (Lyp(i)), operating time (Oyr(i)), and the emission factor
of the equipment engine (Fyzs(i)). Gypy represents the total GHG
emissions from heavy-duty vehicles, calculated using the number of
truck trips (Ny(i)), average idle time (Ir(i)), average trip distance
(Drgrat)> average region trip distance (Dgpg), idling emission factor
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(Fpr(i)), and running emission factor (Fpg(i)). Gg; represents total
GHG emissions from railroad locomotives, calculated using the
rated power (R;p(i)), load factor (L;(i)), operating time (O 1(i)),
and the emission factor for the locomotive engine (Fjpg(i)).

Peng et al. (2018) proposed an improved calculation formula for
estimating GHG emissions from ships using different fuels, as
presented in Equation 4.

Gogy = 2,2 Gup(if) + Gg(is )
P

LR PM o RM 5 M A PA S RA x A d
=SDF|PT X RS XIT(— ) +n X Pf X Rf x I"| x —
i i

i Vi

n m
A A h berth
+22Fj><P;-“><R,- X I X (s, xR g, s 17

iJ

i

n
+>F, x P I % (1= s,) x 1977 4 (1 = 5) x 12
i

(4)

where i denotes the number of ships, and j refers to the type of
fuel utilized by the ship. PMand P represent the power of main
engines and auxiliary engines, while R¥and R correspond to their
respective fuel consumption rates. Mand I* represent the load
coefficients of the main and auxiliary engines, respectively, while
n, denotes the number of auxiliary engines. v?and v¢ indicate the
operational speed and the design speed of the ship, respectively.
tanchorand ¢2™ denote the waiting period at anchorage and berth.
The equation accounts for 3 types of energy sources, i.e., the main
engine uses LNG and diesel during navigation, while the auxiliary
engine uses diesel, LNG, or shore power during anchorage and
berthing. When shore power is utilized, s, and s, are set to 0;
otherwise, they are set to 1.

For GHG emissions from employee commuting under Scope 3,
distance-based calculations are applied, as shown in Equation 5.

Goe = 302 % d(j) x Fge(k) x Ty 5)
k=1j-1

where d(j) represents the average commute distance of
employee j. Ty, indicates the average commute days per week,
and Fpc(k) denotes the GHG emission factor per unit commute
mile for travel mode k.

Moreover, surrogate-based methods estimate total GHG
emissions from ports when detailed activity data are unavailable,
as shown in Equation 6.

Giorar = Gy + G + G + G + Gy

Gy =SCpp x N

Gp=>C,, xN

G, =>0C, xN ©
Gr=>C, xN

Gr=3Cy x N

where C,,, represents the carbon emission density of vessel
maneuver, while C,, represents the carbon emission density of
vessels at berth. Similarly, C;,, denotes the carbon emission density
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of container cranes, and C},,t refers to the carbon emission density of
yard trucks and yard cranes. C,, indicates the carbon emission
density of container trailers, and N represents the number of
containers, measured in TEUs. A case study by Sim (2018)
provided the values of these parameters, as listed in Table 2.

4.3 Review of literature related to
emission reduction

Over the past decades, scholars have suggested numerous
measures to mitigate GHG emissions from ports.

4.3.1 Shore power implementation

Shore power, also referred to as cold ironing, shoreside power,
shore-to-ship power, alternative marine power, or onshore power
supply, provides electricity from shore to anchored or berthed ships,
reducing the fuel consumption of auxiliary engines. It not only
eliminates noise pollution produced by the operation of the
auxiliary engines but also reduces direct emissions of GHG and
other pollutants such as nitrogen oxides, sulfur oxides, and
particulate matter (Xu et al., 2024b, 2024c). Accordingly, shore
power has become a key strategy for emission reduction in the
maritime sector over the past decades (Misra et al., 2017). Since
shore power typically uses electricity from the national grid, its
effectiveness in reducing emissions varies significantly across
regions, achieving reductions of 99.5% in Norwegian ports, about
85% in France, and just 9.4% in the United States. These
discrepancies can be attributed to the differences in electricity
generation methods. Norway relies on hydroelectric power,
France on nuclear power, while the United States primarily uses a
fuel mix of coal and natural gas (Hall, 2010). Therefore, in the
development and promotion of shore power technologies, it is
essential to consider GHG emissions during power generation.
When a ship is waiting at anchor or berth, its suitability for shore
power should depend on the energy mix of power generation and
the docking duration rather than just its tonnage or displacement
(Sun et al., 2022).

Moreover, several factors related to shore power technology
have hindered its promotion and broader adoption. A review of
ports that have applied shore power technology (e.g., the Port of Los
Angeles, the Port of Gothenburg, the Port of Long Beach, and the
Port of Shanghai) indicates that shipowners should deal with
voltage discrepancies in shore power across various countries.
Specifically, the US, Canada, and Brazil operate on a 60 Hz power

TABLE 2 Parameter values for surrogate-based methods.

Parameter Value Parameter Value
0.02324 kg
Cyom 1.99 kg GHG/TEU Cup GHG/TEU
0.1116 kg
Ciy 0.139 kg GHG/TEU Cy GHG/TEU
c 0.38645 kg
of GHG/TEU
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grid, whereas China, most European countries, and India use a
50 Hz grid (Daniel et al., 2022). This difference presents a technical
obstacle for shipowners who must adapt to varying power systems
across different regions. In addition, port authorities face significant
financial challenges, such as the cost of port power capacity
expansion (e.g., adding substations and transformer equipment)
and costs related to routine operation and maintenance (Daniel
etal,, 2023). For instance, the installation of a shore power facility at
Shenzhen Shekou Container Terminal has caused a cost of $2.2
million, which creates significant barriers for port enterprises to
achieve profitability through such investments. Thus, government
subsidies can play a critical role in facilitating the adoption and
implementation of shore power systems (Wan et al., 2021). A case
study on a 5-berth container port in China indicates that the shore
power system presents the economic drawbacks of shore power
when the electricity price exceeds 0.3 $/kWh (Peng et al,, 2019).

In order to make shore power more financially viable, providing
certain financial subsidies for shore power facilities and suitable
environmental incentives for daily operation appears to be
economically viable. Specifically, financial subsidies could
encourage the development of additional shore power facilities,
while environmental incentives may improve profitability for ports
(Tan et al.,, 2023). Findings based on the Shanghai port suggest that
carbon trading as additional revenue fails to improve the
profitability of shore power investments, whereas a significant
increase in electricity revenues appears to be more effective (Dai
etal., 2019). Although implementing a robust carbon tax, increased
financial subsidies, higher electricity prices, and increased fuel costs
may alleviate the economic pressure on port authorities. However, a
comprehensive analysis of berthing patterns, vessel energy
requirements, and environmental advantages is necessary in the
present context (Bullock et al., 2023). Therefore, it is advisable to
efficiently optimize the allocation of shore power and electric
scheduling through collaboratively considering berth availability,
shore power infrastructure, the stochastic nature of ship arrivals,
and the environmental impact of reducing greenhouse gas
emissions (Peng et al., 2021). A case study demonstrated that
implementing lithium-ion batteries and supercapacitors during
the transition from auxiliary engines to shore power can reduce
the total GHG emissions by around 55% while the ship is berthed in
port (Barone et al., 2024). Furthermore, providing shore power to
ships through renewable energy sources (e.g., hydrogen, wind, and
photovoltaics) is a crucial strategy that can significantly improve
competitiveness (Wang et al., 2024a).

4.3.2 Electrification of yard gantry cranes

Gantry cranes are essential equipment in the container terminal
yard for handling and stacking containers. These cranes are
categorized into two types based on their structure and
movement: tire gantry cranes and rail gantry cranes. As indicated
by their designation, rail gantry cranes are typically affixed to rails
for operation and can be readily connected to the port grid for
electrical power supply. In comparison, tire gantry cranes are
mainly diesel-driven due to the requirement of flexibility and
maneuverability. Consequently, converting diesel-powered tire
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gantry cranes into electric drives is a significant strategy for
mitigating GHG emissions in container ports (Ding et al., 2021).
Electrification refers to the process of installing an electric motor on
a conventional tire-type gantry crane and connecting it to the power
grid through a cable reel system. A case study of the Ningbo Port
indicated that this electrification of tire cranes can reduce the total
GHG emissions by two-thirds (Peng et al., 2016).

Once electrification is completed, yard gantry cranes primarily
operate on electric power, relying on diesel drives solely for
transitions between operational zones where the cable reel system
is restricted (Yu et al, 2019). Switching between power sources
during operation requires additional time, leading to diminished
efficiency in yard operations. Given the operational demand and
environmental benefits, it is essential to select an appropriate
electric engine during the electrification process (Martinez-Moya
et al,, 2019). However, due to port financial pressures, port
authorities are often unable to electrify all their diesel-driven tire
gantry cranes in the short term. When container terminals have
both diesel- and electric-driven cranes, irrational scheduling
optimization strategies can significantly increase total GHG
emissions (Yao et al., 2024). Considering the actual arrival time of
containers and the allocation of container trucks, synergistically
optimizing the co-scheduling of quay cranes and yard cranes can
reduce the total GHG emissions within the port region (Wang et al.,
2019). It is worth noting that the scheduling optimization of tire
gantry cranes also requires comprehensively considering the
interactions between shipping lanes, berths, and yard layout
(Jiang et al., 2024b).

4.3.3 Optimization of port terminal layout

The activity time of ships, vehicles, and machines involved in
port operations is also a significant factor that affects total port
emissions. Reducing the activity duration is a more effective
measure to reduce GHG emissions from ports than carbon tax
policies and port resource allocation optimization (Kenan et al.,
2022). Implementing compact terminal layouts can minimize
terminal area while simultaneously reducing horizontal
transshipment time for container trucks. For example, adopting
such a compact terminal layout at the Port of Rotterdam can reduce
CO2 emissions by about 70% (Geerlings and Van Duin, 2011).
Furthermore, optimizing quay configurations at the terminal front
and the distribution of cranes, considering the uncertainty of ship
arrival schedules and loading/unloading capacities, is essential for
minimizing idle durations and achieving low GHG emission targets
(Zhen et al,, 2021). Hu et al. (2022) concluded that for bulk ports,
optimizing terminal layouts should be accompanied by the
integration of these layouts into the overall operational process.
Thus, loading and unloading costs can be reduced, ship operating
time can be reduced, and low-carbon production can be realized.
Improvement of Operation Efficiency.

While electrifying container terminal equipment (e.g., tire
cranes) significantly reduces GHG emissions, some ports with
high operational pressure (e.g., Taiwan port) face challenges in
achieving electrification in the short term due to high acquisition
costs (Yang, 2017). In this case, reducing the idle time of container
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trucks, loading/unloading equipment, and ships can effectively
lower emissions while ensuring high operational performance.
The optimization of operating efficiency of equipment, trucks,
docks, and yards is a crucial strategy for diminishing energy
usage and GHG emissions (Iris and Lam, 2019). The evidence
from Shanghai Yangshan Deepwater Port indicates that the idle
crane ratio is about 23%, suggesting the potential for significant
energy savings and emission reductions through better equipment
utilization and scheduling (Sha et al., 2017).

The conventional procedure for docking a vessel at a berth
requires the collaboration of the mooring team and crew and
sometimes even the help of a pilot and a tugboat. For example,
the conventional mooring procedure can typically take 20 to 90
minutes in the Chennai Harbor, India. The implementation of an
automated mooring system enables a single operator to complete
the mooring process in around 30 seconds, significantly enhancing
port operational efficiency and reducing GHG emissions by about
33 tons annually (Misra et al, 2017). Additionally, the limited
availability of berth space requires a thorough consideration of the
balance between ship berth demand and terminal capacity.
Through efficient berth allocation scheduling, terminal utilization
and operational efficiency can be significantly improved, and
thereby ship idle time at anchor and GHG emissions can be
reduced (Jauhar et al., 2023).

Inefficient channel management leads to prolonged idle times
for ships at anchor, which in turn increases the GHG emissions
from ports. Thus, coordinating port and ship scheduling by
integrating ship emission characteristics during low-speed voyages
with port service capacity is crucial for achieving superior
environmental performance. The previous studies have indicated
that such co-scheduling strategy can reduce GHG emissions from
ships by 8.0%-11.9% (Xia et al., 2021).

4.3.4 Financial subsidy and carbon tax strategies

Over the long term, the GHG emission reduction policies
formulated by the government will provide guidance for port
authorities to improve operational efficiency and reduce energy
consumption, thereby increasing their market competitiveness.
However, in the short term, port authorities, especially small and
medium-sized ports, may face financial challenges, including the
closure risks, which are derived from heightened operating expenses
related to facility upgrades or operational modifications (Meng
et al., 2022). As a result, the government has proposed a series of
financial subsidy programs to incentivize port authorities to actively
participate in and promote the GHG emission reduction. Subsidies
for shore power are common policies aimed at promoting the
installation of shore power by port authorities and attracting more
ships to use it. This study suggests that directly providing subsidies
to port authorities was suboptimal, and implementing subsidies
based on reducing GHG emissions from ports after implementing
shore power would be superior (Zhen et al., 2023).

Notably, these policies face significant challenges in balancing
environmental objectives with the conflicting interests of multiple
stakeholders, such as governments, port authorities, cargo owners,
and shipping companies (Luo et al., 2024). When cargo owners
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show little interest in low-carbon transport technologies,
governments should incentivize port authorities in upgrading
their equipment through subsidies for low-carbon technology.
However, such investments may lead to higher service costs at
ports, which could negatively impact cargo owners. Governments
can enhance decarbonization efforts by developing targeted
strategies that encourage cargo owners to adopt low-carbon
transportation technologies (Li et al., 2024). The insights from the
Shanghai Yangshan Port suggested that the temporal value of
goods, market dynamics, and competitive pricing among
alternative transportation modes should be considered when
developing subsidy policies for cargo owners (Chen et al., 2023).

In addition to subsidies, the carbon tax is another common
financial policy. A well-designed carbon tax can efficiently guide port
authorities in allocating port berth resources, optimizing ship
schedules, and utilizing yard resources, thereby reducing GHG
emissions (Wang et al,, 2018). A case study of the Shanghai Port
showed that a carbon tax rate of $1,500/ton can reduce the total GHG
emissions of ports by about 24%. However, when the carbon tax rate
reaches $4,500/ton, it cannot prompt a reduction in total GHG
emissions and increase the operational pressure (Lin et al.,, 2023).
Another case study about the electrification of tire gantry cranes
revealed that carbon tax policy is beneficial for long-term planning
periods, but financial subsidies are more suitable for shorter-term
planning durations (Lin et al., 2022). Hybrid Renewable
Energy Systems.

A promising strategy for reducing greenhouse gas emissions in
ports involves transitioning existing energy sources to renewable
energy systems, such as solar, wind, ocean, and geothermal (Song
et al,, 2020). A case study in the Port of Naples found that 60% of
the port’s energy demand can be fulfilled by integrating solar and
ocean energy into its energy system (Buonomano et al., 2024). This
transition process requires a comprehensive evaluation of the
relationship among environmental benefits, economic costs, and
energy attributes (e.g., supply capacity, demand characteristics,
storage prices, and technical feasibility) (Li et al., 2019). A case
study in Egypt demonstrated that solar energy was the cleanest
energy with the lowest environmental impact from a life-cycle
perspective. Generally, wind energy is superior to solar energy in
terms of potential economic benefits if the ecological impact criteria
are lowered. The drawback of tidal and wave energy is usually
regarded as the lower power density (Elkafas and Seddiek, 2024).
However, despite these advantages, maintaining a balance between
energy supply and demand remains challenging due to the
fluctuating and intermittent nature of renewable energy supply
and the temporal and spatial dislocation of energy demand from
operational activities (Odoi-Yorke et al., 2022).

As reported, an effective strategy was proposed to address the
mismatch between renewable energy supply and port
operational energy demand, and thereby an optimized energy
management strategy was designed to adjust the peak energy
demand, i.e., a peaking strategy (Sifakis et al., 2021). Another
effective strategy was also developed to balance the disparity
between energy supply and demand over time through energy
storage systems, which can enhance the competitiveness of ports
and the ability to provide emergency protection (Sifakis et al.,
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2022). Therefore, in addition to the uncertainty of the power
generated by renewable energy sources (e.g., wind and
photovoltaics), the relationship between the energy storage
capacity and the fluctuations in energy demand in the port was
synergistically considered in practical applications (Shi et al,
2024). Moreover, with the completion of port electrification, the
fluctuation of port electrical loads and the required collaborative
management were determined by port operational activities, i.e.,
the coupled operation of transportation and electricity (Yin
et al,, 2024). A case study showed that through integrating
management between the scheduling of port operational
activities and electrical loads, the operating costs and total
GHG emissions can be reduced by 31.9% and 9.4%,
respectively (Yin et al., 2023). A further technique was
designed to build an integrated system that combined
renewable energy systems with hydrogen energy technology
(Wang et al,, 2024c). The energy storage system of hydrogen
primarily refers to the process of generating hydrogen from
surplus renewable energy by electrolyzing water, storing it safely
and non-pollutedly, and then reusing it (Vichos et al., 2022).
However, the main challenge in implementing this method is the
high cost of hydrogen production from renewable energy. For
instance, a Singapore case study found that electrolytic hydrogen
production became economically feasible only when the costs
were reduced by at least 30% (Pivetta et al., 2024b).

4.3.5 Energy alternatives strategy

In port waters, ships consume large amounts of fuel during
navigation, anchorage, and berthing periods. As noted in Section
4.3.1, shore power systems are often used to replace traditional
heavy fuel oil during anchorage and berthing. Meanwhile,
hydrogen power has emerged as an efficient alternative energy
source for ships during navigation. However, it is essential to
evaluate the impact of conversion expenses, subsidies, hydrogen
energy utilization prices, and operational and maintenance costs
comprehensively (Zhang et al., 2024). Utilizing LNG as an
alternative to ship fuel oil can reduce GHG emissions by around
8 percent during voyages (Peng et al., 2018).

On port land, energy consumption typically involves diesel,
electricity, gasoline, and natural gas. As discussed in section 4.3.2,
electrifying tire gantry cranes to replace diesel with electricity is an
effective way to reduce GHG emissions at container ports.
Meanwhile, trucks are the most common mode of container
movement between yards and terminals. They are frequently
powered by diesel fuel, which is a primary source of GHG in
ports, and are challenging to electrify due to the frequent starts
and stops during operations and the high load demand.
Additionally, electrifying gasoline-powered vehicles (used by
employees for commuting) can significantly lower GHG
emissions (Maleki et al., 2024). Notably, port electrification
necessitates consideration of electricity sources, emphasizing
renewable energy to minimize indirect GHG emissions. Taking
the Ningbo port as an example, electrification significantly
reduced direct GHG emissions, leading to indirect GHG

emissions accounting for more than 90% of total emissions.
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However, since electricity is mainly generated from fossil fuels, the
total GHG emissions have been reduced by only 14% (Ezeh et al.,
2024). For fishing harbors, the objective of zero carbon emissions
can be achieved by utilizing solar-generated electricity to replace
reliance on the national grid (Alzahrani et al., 2022).

Apart from electricity, hydrogen is another common alternative
energy source for harbors (Pivetta et al., 2024a). Recently, some
ports have adopted hydrogen fuel cells to replace diesel fuel in
powering container trucks, reducing direct GHG and air pollutant
emissions. Although hydrogen fuel cell trucks and their fuel usage
involve high costs, daily operating expenses can still be reduced by
about 50% (Wang et al., 2024b). Similarly, forklifts used for stacking
containers often operate under heavy loads, requiring high and
stable power output over extended periods, which makes hydrogen
power more advantageous than electricity (Wang et al., 2022).

4.3.6 Other emission reduction measures
4.3.6.1 Microgrid energy systems

Regarding the characteristics of the multi-energy system and
the uncertainty of renewable energy (e.g., solar, wind, and tidal)
power generation, the measures were proposed to build a
microgrid energy system for ports. Due to energy price
fluctuations, this approach can improve renewable energy
efficiency and significantly reduce costs for low-carbon port
operations (Iris and Lam, 2021).

4.3.6.2 High-temperature superconducting generators

Recently, with the increasing demand for wind and
hydroelectric power generation in harbor environments, the use
of high-temperature superconducting generators has become an
alternative method to conventional generators. The application of
this generator in ports could reduce the GHG emissions by about
6.8%, and more stable electricity for hydrogen production from
electrolyzed water and lower-carbon hydrogen production can be
realized (Tsuzuki et al., 2024).

4.3.6.3 Underground refrigerated containers

In cold chain logistics networks, ports should configure stacking
areas for reefer containers to comply with the rigorous temperature
storage requirements for specialized cargo, including fresh food,
pharmaceuticals, and chemicals. However, the storage procedure is
energy-intensive due to external weather conditions and stacking
schemes. By implementing an underground storage measure, the
port can reduce total GHG emissions by approximately 61%
(Moros-Daza et al., 2024).

4.3.6.4 Carbon capture and storage

Carbon capture and storage (CCS) is a process that involves
separating CO2 from the source of emissions, followed by its
transportation to a designated site for injection into deep
geological structures for underground storage. CCS is essential to
achieving zero carbon emissions in ports where direct GHG
emissions cannot be avoided (Swennenhuis et al., 2024).
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4.3.7 GHG emission reduction
measures summary

This section outlines a wide range of strategies designed to
achieve substantial reductions in GHG emissions from port
operations. These strategies include technological innovations
such as shore power systems and equipment electrification, as
well as policy-driven approaches (e.g., financial subsidies and
carbon taxes). For a deep understanding, Table 3 lists a side-by-
side comparison of these strategies, summarizing their costs,
emission reduction impacts, and the specific contexts where they
are most applicable.

5 Research gaps and
future recommendations

5.1 Evolution trends in keywords

In this section, the bursts and temporal variance of keywords
are analyzed to clarify the academic hotspots, and thus the emerging
research directions are summarized.

Figure 10 illustrates the burst analysis outcomes of the top ten
cited keywords among all the keywords. Specifically, ‘ghg emission,’
‘green ports,” and ‘emission calculation’ are the keywords with a
high-strength burst and lasting for a long period. This means these
keywords are consistent research hotspots and significant topics of
long-term interest. In addition, methods for calculating emissions
from ports have gained great attention between 2017 - 2021. This
may be because accurate emission calculations are essential for
developing effective emission reduction strategies. ‘container ports’
and ‘sustainable development’ are burst keywords characterized by
early and short durations. Container ports emerged as an early
research hotspot, primarily due to their high carbon emissions and
role as critical nodes in global trade. ‘sustainable development’
became a short-term hotspot from 2020 to 2021, focusing on the
balance between economic efficiency and environmental
responsibility in port development. ‘emission reduction,’
‘maritime transportation,” ‘climate change,” and ‘carbon taxation’
are keywords that have been boosted recently and endured for a
longer period of time. ‘Emission reduction’ has remained a
prominent research hotspot since 2019. Since 2020, GHG
emission reduction in ‘maritime transport’ has emerged as a
significant topic for coping with ‘climate change, and ‘carbon
taxation’. Moreover, as the essential technology for the GHG
emission reduction during ship calls, the keyword ‘shore power’
burst in 2021 and quickly became a popular research direction with
a high-strength burst. The temporally varying trend of keyword
bursts indicates that early research concentrated on how to calculate
GHG emissions. Subsequently, substantial carbon reduction
technologies (e.g., ‘shore power’) and economic instruments (e.g.,
‘carbon taxation’) have gained increasing attention. More recently,
greater emphasis has been placed on integrating multifaceted
mitigation strategies.

frontiersin.org


https://doi.org/10.3389/fmars.2025.1542255
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Shen et al.

5.2 Research gaps on emission sources and
future recommendations

The preceding conclusion indicates that existing studies have
distinctly categorized the emission sources in ports. However, there
exists an issue of ambiguous categorization across various studies.
For instance, the ship emissions are primarily classified as Scope I in
certain studies, whereas they are categorized under Scope 3 in
others. Emissions from employee commuting were essential but
were not adequately considered in most studies. Besides, the
electrification of port equipment can substantially change the
total emissions from Scope 1 and Scope 2, which can significantly
affect comparing emissions from ports in different regions and the
quality of GHG emission reduction policy. Moreover, there are
apparent differences in the ownership of ports by their
administrative bodies, leading to substantial variations in
statistical outcomes across different scopes. Specifically, some
ports own and are responsible for all vehicle fleets, buildings,
operating equipment, and auxiliary services, and these emissions
are counted as Scope 1. In contrast, the other ports rent operating

TABLE 3 Comparison of Port Emission Reduction Strategies.

Strategy Cost
Shore High: Example installation cost at Shenzhen
Power Shekou Terminal is $2.2 million; subsidies
Implementation are crucial.

. . Moderate: Requires motor installation and
Electrification of K X i i i
grid connections; financial constraints hinder
Yard Gantry Cranes

full coverage.

Port Terminal

Reduction varies: 99.5% (Norwegian ports), 85% (France),
9.4% (US), depending on energy mix.

Reduces GHG emissions by about 66% (Port of Ningbo).

CO2 emissions reduced by approximately 70% (Port

10.3389/fmars.2025.1542255

facilities and ancillary services, which are often classified as Scope 3.
Accordingly, as shown in Figure 11, future research should focus on
classifying GHG emissions based on the locations where machinery
and equipment are operated.

As shown in Figure 11, port-related GHG emissions can be
divided into port waters and port lands. In port waters, GHG
emissions from operational and auxiliary ships are counted during
the 12-nautical-mile voyage between the port boundary and the
berth of the dock. On port lands, GHG emissions are counted
according to the cargo handling processes of loading/unloading,
transshipment, storage, and auxiliary services. The primary
advantage of this categorization is that it is suitable for
longitudinal comparisons of total GHG emissions before and after
adopting reduction measures such as energy restructuring,
technological advances, and policy changes. For example, the
influences of adopting shore power or alternative fuels (e.g.,
biomass fuels, low-sulfur oils, hydrogen, etc.) on GHG emissions
from ships in port waters can be analyzed. It is also possible to
comprehensively understand the effects of electrifying port
equipment or other energy alternatives on GHG emissions in

Reduction Effect References

Misra et al. (2017); Hall (2010);
Wan et al. (2021).

Peng et al. (2016); Yu et al.
(2019); Martinez-Moya
et al. (2019).

Geerlings and Van Duin (2011);

Layout Low: Mainly planning and design costs. Hu et al. (2022); Zhen
i Y R VP & & of Rotterdam). ( )
Optimization et al. (2021).
Operational Misra et al. (2017); Xia et al.
P . Moderate: Automation and optimized Automated mooring reduces annual GHG by 33 tons; co- . ( )
Efficiency . L. i K L (2021); Iris and Lam (2019);
scheduling require investment. scheduling cuts ship emissions by 8%-11.9%.
Improvements Jauhar et al. (2023).

Financial Subsidies Carbon tax can be costly; subsidies help

and Carbon Taxes balance stakeholder interests.

Hybrid Renewable High: Hydrogen production costs must drop

Energy Systems by 30% for economic feasibility

(e.g., Singapore).

Carbon tax of $1,500/ton reduces GHG by 24%; no
significant impact at $4,500/ton.

Hybrid systems meet up to 60% of port energy needs (Port
of Naples); reduce costs and emissions by 31.9% and
9.4% respectively.

Zhen et al. (2023); Lin et al.
(2023); Wang et al. (2018); Luo
et al. (2024).

Buonomano et al. (2024); Pivetta
et al. (2024b); Yin et al. (2023).

High: LNG and hydrogen have high initial
costs but lower operational expenses
(50% reduction).

Energy Alternatives

Moderate to high: Initial setup requires
investment, but cost savings are significant
over time.

Microgrid
Energy Systems

High-T
1gh-lemperature High: Significant initial R&D and

Superconductin

P 8 deployment costs.

Generator
Underground . .

R & Moderate: Initial construction costs for
Refrigerated .
Rk underground facilities.
Containers

Carbon Capture and
Storage (CCS)

High: Significant costs for separation,
transportation, and storage equipment.

LNG reduces GHG by ~8%; hydrogen-powered forklifts
outperform electric under heavy-duty conditions.

Improves renewable energy efficiency and reduces low-

Reduces GHG by about 6.8%; enables low-carbon
hydrogen production.

Total GHG emissions reduced by approximately 61%.

Wang et al. (2022); Peng et al.
(2018); Maleki et al. (2024);
Zhang et al. (2024).

Iris and Lam (2021).

carbon operation costs significantly.

Tsuzuki et al. (2024).

Moros-Daza et al., 2024

Enables net-zero emissions for unavoidable direct
GHG sources.

Swennenhuis et al. (2024).
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Keywords Year Strength Begin End 2010 - 2024
g emission 2017 12 2017 2022 Re——
emissions calculation 2017 4.78 2017 2021 EE—
container ports 2017 3.52 2017 2019 a——
green ports 2015 6.1 2018 2022 e i ———
emission reduction 2019 2.28 2019 2022 R ——
maritime transport 2020 3.93 2020 2022 e —
climate change 2020 2.65 2020 2022 —
sustainable development 2020 2.32 2020 2021 R —
carbon taxation 2020 1.82 2020 2022 ——
shore power 2021 4.87 2021 2022 ———
FIGURE 10

Top 10 keywords with the strongest citation bursts.

ports rather than just comparing them within Scope 1 or Scope 2.
Additionally, this categorization method allows horizontal
comparison of GHG emissions within different scopes across
various regions and avoids discrepancies in statistical standards
arising from differing facility ownership (owned or rented).

5.3 Research gaps on emission calculation
and future recommendations

Although the methodology and framework for calculating GHG
emissions from ports have been well-developed and are no longer a
recent research hotspot, there are still some notable shortcomings.
Initially, these studies focused mainly on containerized ports, with
insufficient exploration of GHG emissions from other types of ports.
The primary reason may be that containerized transport is a
significant modality of global trade, accounting for about 14

Port waters

GHG emission
source

FIGURE 11
Revised classification of port GHG emission sources.
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percent of the total deadweight tons of goods transported
worldwide. Standardizing operating processes and equipment types
in container ports makes GHG emission calculation methods
universal. Moreover, large container ports are usually equipped
with superior energy monitoring and management systems, and
activity data are relatively easy to obtain, making the conditions for
research more mature. In contrast, while dry bulk and oil transport
account for 43% and 28% of total global deadweight tonnage,
respectively (UNCTD, 2024), research on these ports is limited,
which can be ascribed to the lower visibility of their economic
activities in international trade and the challenges of acquiring
performance and activity data., respectively, there are fewer
research outcomes due to the low visibility of their economic
activities in international trade and the challenges associated with
acquiring data on equipment performance and activities.
Furthermore, research on new energy is relatively underdeveloped,
and insufficient investigation is conducted into the actual emission

Navigation ]

Operational ships

Auxiliary ships

Loading / Unloading operations

Transshipment process

Storage phase

 \

Auxiliary operations
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characteristics of emerged energy (e.g., hydrogen and ammonia),
making it challenging to provide a reliable foundation for new energy
transformation. Moreover, numerous existing studies rely on static
data, which cannot capture dynamic evolutions in the emission
reduction effects. Finally, these studies have inadequately addressed
data analysis and trend forecasting over extended periods, making it
challenging to assess the long-term effects of emission
reduction measures.

Future studies are expected to apply advanced IoT technologies
and sensors to extensively collect activity data and GHG emission
profiles from various port types, particularly dry bulk and oil
terminals. A comprehensive analysis of GHG emission variations
across port types allows for a deeper understanding of the impact of
ports on climate change and facilitates the development of targeted
emission reduction strategies. To improve the accuracy and
timeliness of GHG accounting, it is essential to enhance the
database of emission factors applicable to various energy
equipment (e.g., hydrogen and ammonia) with the combination
of the data on operational activities and GHG emissions collected
online. Meanwhile, due to technological developments,
improvements in fuel quality over time, and the heterogeneity of
activity-level data in different regions, the influences of uncertain
factors, such as the accuracy of data collection and variations in
emission factors, should also be taken into consideration for the
assessment of total GHG. Another essential recommendation is to
analyze the temporal change characteristics of various
decarbonization strategies (single or combined) based on long-
term collected data on port operational activities and emission
factors. Additionally, with the combination of scenario simulation
methods, we can comprehensively assess the long-term effects of
decarbonization strategies and promote the sustainable
development of ports.

5.4 Research gaps on emission reduction
strategies and future recommendations

Up to now, a variety of innovative and effective measures have
been proposed, which have made significant contributions to
reducing port emissions, but multiple challenges remain. For
example, the high cost of some low-carbon technologies,
especially in equipment upgrades, operation, and maintenance,
causes them to be less affordable for small and medium-sized
ports. Some emerging technologies (e.g., hydrogen fuels,
ammonia fuels, high-temperature superconducting devices etc.)
are still in the experimental phase and are not widely
commercialized. The limited scopes of policies such as carbon
taxes and subsidies make it challenging to utilize their emission
reduction capacity fully. Moreover, existing research primarily
emphasizes the single emission reduction program or an effective
comparison of several different carbon reduction measures,
overlooking the benefits of combining different technologies and
management strategies.

Building on the findings from the investigation of temporal
trends in keyword bursts, future research should focus on the
integration of multiple emission reduction strategies. Priority
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should be given to the approaches that combine technological
advancements, management practices, and policy frameworks for
maximum effectiveness. For example, more in-depth studies are
needed to assess the feasibility and emission reduction potential of
emerging energy sources like hydrogen and ammonia. These
evaluations should involve technology development, policy
guidance, and economic advantages. Specifically, progress in
hydrogen fuel cell and ammonia combustion technologies, along
with their auxiliary apparatus, could enhance production, storage,
transportation, and refueling processes. Such developments would
not only improve efficiency and safety but also reduce operational
costs. Additionally, by utilizing incentives such as carbon taxes and
subsidies, comprehensive cost-benefit analyses could explore the
long-term economic and environmental advantages of adopting
hydrogen and ammonia as alternative energy sources. Given the
volatility of renewable energy supply and the unpredictability of
port energy demands of ports, coupling renewable energy
conversion processes (hydrogen, ammonia, and electricity) with
microgrid or intelligent grid energy management can enable near-
zero or zero carbon emissions. It is also vital to optimize port
operations and energy usage through technologies like the adaptive
truck platoon (Jiang et al., 2024a) and advanced predictive control
technology (Xiao et al., 2025). These tools can be favorable for the
implementation of strategies such as energy peak shaving, battery
charging, and shore power utilization, and thereby indirect
greenhouse gas emissions can be effectively decreased.
Furthermore, research should examine the acceptance of GHG
reduction strategies by the public, operators, and governments.
This should also evaluate the impact of temporal uncertainties
related to emission reduction measures on the regional economic
growth. By addressing these uncertainties, policymakers can
develop adaptable and practical carbon tax and subsidy programs
that balance environmental considerations and financial goals.

6 Conclusions

Research on greenhouse gas (GHG) emissions from ports has
expanded rapidly in recent years, driven by growing concerns over
climate change and the demand for global decarbonization.
Nevertheless, the findings remain scattered and lack a unified
framework due to the complexity of port operational activities.
Hence, this study integrates bibliometric analysis and systematic
review to summarize the current status of research, gaps, and future
research directions. The findings aim to support the development of
effective strategies for port decarbonization. Using the Web of
Science (WoS) core dataset, 1,612 articles published between 2010
and 2024 were initially retrieved. After excluding irrelevant studies,
230 records were selected for bibliometric analysis using Citespace
software. The analysis indicates that the topic has garnered
substantial attention since the signing of the Paris Agreement,
resulting in explosive growth in research outcomes. The majority
of the top five authors by publication count in this field are
predominantly from China. Despite this progress, there is little
cooperation among researchers from various nations and regions.
Among these journals, with Sustainability at the forefront, about
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double the output of the second-ranked Journal of Cleaner
Production. The citation sources for these papers cover 310
journals, with the largest collaborative network containing 27
journals. The evolution path of these keywords can be categorized
into early stages (2010-2015), mid-term stages (2016-2020), and
near-term stages (2021-2024).

The systematic review of 68 articles identified three main
categories of GHG emission sources in ports. However, the
classification of GHG emission sources in ports varies widely
across studies, resulting in inconsistent estimates and limited
comparability of results. Some studies have exclusively
concentrated on specific emission sources, such as vessels or port
equipment, which may underestimate total emissions. Despite the
considerable advancements in computational methodologies and
frameworks, research on emissions from other types of ports and
new energy sources remains limited. Meanwhile, the existing
studies primarily rely on static emission factors, which cannot
account for temporal variability or the uncertainties associated
with emerging technologies and mitigation strategies. An
extensive review of existing studies reveals that port authorities
commonly adopt technology (e.g., shore power, gantry crane
electrification, port terminal layout optimization, high-
temperature superconducting generator, underground refrigerated
container, and CCS), energy (e.g., renewable energy, energy
alternative, and microgrid), management (e.g., operation
efficiency), and policies (e.g., subsidy and carbon tax) to reduce
emissions directly or indirectly. However, practical implementation
remains challenging due to high costs, technical barriers, and
insufficient policy support.

In the future, research should refine the categorization of GHG
emission sources by further considering the spatial and operational
contexts of ports. It is essential to update emission factors for
various types of ports and emerging energy technologies for GHG
calculations. The keyword burst analysis reveals that the integration
of multiple abatement measures will be a priority in future research.
Although this study attempts to provide a comprehensive review of
the research related to GHG emissions from ports, certain
limitations should be recognized. The dependence on the SCIE
and SSCI datasets from WoS may have excluded relevant studies
from other sources. Additionally, earlier literature that precedes
recent technological advancements may have been overlooked.
Despite these constraints, this study offers valuable insights into
the current research status, identifies critical gaps, and provides
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