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IMO green initiatives emphasize the urgency of reducing greenhouse gas (GHG) emissions in shipping, extending
beyond open sea operations to include emissions from ships in ports. This study systematically reviews 139
studies to identify trends in estimating GHG emissions from ships in ports, presenting a comprehensive analysis
of twelve indicators across four aspects of the GHG emission estimation process: data quality, metrics, models
and simulations. The findings emphasize the need for high-resolution databases with consistent standards to
improve data quality. Additionally, the study advocates for the adoption of diversified and standardized emission
intensity metrics to provide more comprehensive insights. Revising emission parameters, such as shipping
emissions at berths and in ports, using updated data is crucial. A balanced approach between interpretability,
data requirements, and model accuracy is essential to enhance emission estimates. Moreover, it is vital to account
for interactions between strategies when simulating decarbonization scenarios. A significant research gap is

identified in the performance of multi-port strategies based on unified databases.

1. Introduction

The rise in greenhouse gas (GHG) emissions is bringing the world
closer to a serious climate crisis, making it necessary for the shipping
industry to scrutinize its environmental footprint. Shipping plays a
crucial role in facilitating global trade by transporting more than four-
fifths of the world’s commodities via ships and ports [106]. Although
the shipping industry has lower GHG emissions per unit of cargo, it is
nonetheless widely acknowledged as a significant global contributor to
GHG emissions. In 2023, it accounted for around 3 % of the total global
CO2 emissions. Without further intervention, these emissions are ex-
pected to increase significantly. The International Maritime Organiza-
tion (IMO) projects that, if no action is taken, increases in CO2 emissions
from ships could range between 0 % and 50 % by 2050 compared to
2018 levels, potentially reaching an equivalent of 90-130 % of 2008
levels [49]. The IMO has implemented decarbonization initiatives to
achieve a minimum 40 % decrease in CO2 emissions per voyage by 2030
and a 70 % decrease by 2040 in total yearly GHG emissions from in-
ternational shipping, relative to the levels recorded in 2008 [50].
However, achieving decarbonization in the shipping industry necessi-
tates a collective effort involving all relevant parties, such as shipping

* Corresponding author.

companies and port authorities.

Ports are a critical component of the global transportation network,
serving as junctions for both water and land-based transport and crucial
components of the infrastructure supporting global trade and commerce,
significantly influencing economic growth and development. The con-
centration of many ships in small port areas leads to very high levels of
emissions [121]. Port configurations vary widely, ranging from
small-scale ports exclusively engaged in straightforward cargo transport
operations to larger ports hosting a mix of industrial, commercial, and
cargo activities. The type of port operations and how they are conducted
will affect the identification of different emission sources. Research over
the past decade has identified ship emissions as a major contributor to
port GHG emissions, accounting for 47-80 % of the total. Although no
clear trend in the share of ship emissions over time has been observed, it
exceeds 50 % in most ports [9,21,74,93,107]. Effectively addressing
GHG emissions from ships in ports has emerged as a crucial area of focus.

This paper differs from previous systematic literature reviews in two
main ways. First, it focuses on GHG emissions from ships in ports, a topic
that has yet to be systematically reviewed. As attention to GHG emis-
sions from ships in ports grows, more relevant publications are
emerging, underscoring the need for a comprehensive review. Second,
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while earlier reviews have primarily focused on GHG emissions esti-
mation models, they have neglected the critical roles of data quality,
emission metrics and simulations of decarbonization strategies in the
estimation process. This review incorporates these three aspects to
provide a more complete understanding of estimating GHG emissions
from ships in ports.

Therefore, the main contribution of this paper lies in its compre-
hensive review and analysis of GHG emissions from ships in ports, an
essential yet under-explored area. Through the systematic review of 139
studies, this paper examines twelve indicators across four critical aspects
of the GHG emission estimation process: data quality, metrics, models,
and decarbonization strategy simulations. This study identifies gaps in
the existing literature and proposes new directions for future research.
Unlike previous reviews, this paper uniquely addresses the entire esti-
mation process of estimating GHG emissions, including often-
overlooked aspects like data quality and metrics, thereby offering a
more complete understanding of the challenges and opportunities in this
field.

This paper is organized into six sections. Section 2 reviews previous
systematic literature reviews on port emissions to clarify the motivation
behind the four research questions. Section 3 outlines the systematic
literature review protocol. Section 4 summarizes the review results,
focusing on the four key aspects of the GHG estimation process. In
Section 5, we address the four research questions and discuss the find-
ings. Finally, Section 6 highlights the research gaps identified in the
existing literature.

2. Literature review

Previous literature reviews on maritime emissions fall into two pri-
mary categories. The first category addresses sustainable or green ports,
encompassing emissions from operating ships within port harbors, land
transport equipment, and port infrastructure, etc. [72]. Lim et al. [72]
has explored the concept of "green ports and maritime logistics", iden-
tifying directions for future research. Furthermore, recent studies focus
on reviewing technical and operational measures that assess policy-
makers in enhancing port sustainability and reducing GHG emissions [1,
7,110]. The second category centers on optimizing shipping emissions.
Several studies have worked on developing new methods for measuring
ship gas emissions in port areas [8,103]. Additionally, Yang et al. [118]
and Chen and Yang [19] provided a critical review of big data appli-
cation in the context of port emission.

Based on the literature, the typical process of GHG emission esti-
mation begins with the collection of raw data from ports or databases,
followed by the selection of relevant emission metrics to assess port
performance. Next, GHG emission estimation models are developed in
alignment with the research objectives. These models are then applied in
simulation experiments to evaluate various decarbonization strategies.
Consequently, GHG emission estimation from ports involves four key
aspects: Data, Metrics, Models, and Simulations. However, research gaps
and challenges remain in each of these areas.

2.1. Data quality

Data quality is a major problem in quantitative research, and mari-
time emission estimation research is certainly not immune to this
problem. Big data and machine learning have significant implications
for data-driven decision-making in the maritime industry, similar to
their impact in other industries [71]. Recognized as a transformative
innovation on par with diesel engines and containerization, big data
technology has revolutionized shipping operations over the past decade,
including the collection and analysis of ship GHG emissions data.
Numerous studies emphasize the critical role of data quality in accu-
rately measuring GHG emissions from ships in ports [11,63,66]. Tian
et al. [100] found that lower data sampling frequencies often lead to
underestimating actual emissions. Furthermore, Nunes et al. [82] and
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Sorte et al. [96] noted that outdated default parameters could introduce
considerable uncertainties, sometimes leading to errors ranging from
20 % to 50 %. Data quality not only affects the precision of the results
but also limits the applicability of GHG estimation models. Certain
models require specific data types, restricting their scalability on a
macro scale [3]. Model requirements for data quality underscore the
need for standardized data collection practices within and across ports,
tailored to emission calculation models [66,77]. Until a uniform data-
base is established, imputing missing data remains a crucial approach
for maintaining data integrity.

2.2. Metrics

Emission metrics are also important in the calculation of ship GHG
emissions in port [6,14,117]. GHG emissions are not only contributed by
carbon dioxide, but also include other emissions such as methane and
nitrogen dioxide [92]. Ports need to update their emissions metrics to
quantify and compare the relative and absolute climate change contri-
butions of different GHG emissions. Most current metrics rely on a sin-
gle, absolute value to assess the emission performance of all ships [41].
The environmental impact of a ship can vary based on its characteristics,
with different ship types affecting the environment in distinct ways.
Therefore, using the same metrics for all ships is not appropriate. Cur-
rent ship emission metrics are fragmented and a more comprehensive
approach is needed [73]. Quantifying port emissions and assessing
mitigation measures for these sources is challenging due insufficient
emissions data and incomplete evaluation of emissions metrics [52].
Furthermore, standardized emission metrics would enable better com-
parison of environmental performance between ports.

2.3. Models

Extensive research over the past two decades has focused on devel-
oping estimation and prediction models to mitigate emissions at various
geographical scales, including inter-regional, national, and local levels.
Drawing from maritime studies [8,35,82] and broader GHG estimation
research [95,113], these models can be broadly categorized along two
dimensions: the modelling approach and the modelling structure. In
terms of approach, models are divided into bottom-up and top-down. In
terms of structure, models are classified into three types: white box
models (WBMs), black box models (BBMs), and grey box models
(GBMs).

The literature on ship emission estimation, particularly regarding
GHG emissions in ports, utilizes two primary modelling approaches: top-
down and bottom-up. The top-down approach estimates how much fuel
ships consume at a port, then calculates emissions based on fuel-related
emission factors [38]. Notable top-down models include the Method-
ologies for estimating air pollutant emissions from transport (MEET)
[105] and The Intergovernmental Panel on Climate Change (IPCC)
model for national greenhouse gas inventories [26]. These approaches
facilitate emission estimates on a regional scale or across multiple ports.
For example, Johansson et al. [57] used a top-down model to estimate
ship emissions at a macro-level, while DE Meyer et al. [25] applied it to
four Belgian ports (i.e. Antwerp, Ghent, Ostend and Zeebrugge). Pitana
et al. [86] and Ju and Hargreaves [59] studied the CO2 emissions from
ships in the Madura Strait and the Western Singapore Straits, respec-
tively. The top-down model also simplifies long-term emission calcula-
tions, as seen in studies covering several years to decades [5,30,84,91,
119]. However, despite its suitability for regional-scale, yearly estimates
and its lesser data requirements, the accuracy of the top-down model can
be limited.

Recent studies suggest that bottom-up estimation models, supported
by Automatic Identification System (AIS) data, tend to be more accurate
[67]. Some literature compares bottom-up and top-down approaches
and finds a 24 % difference between their estimated CO2 emissions [27].
AIS provides high-resolution ship movement data, which is reliable in
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capturing ship activities such as timing, direction, and average speed
between two AIS records. This data can be utilized to map ship trajec-
tories [68]. Notable bottom-up models include ENTEC Limited (ENTEC)
models, European Monitoring and Evaluation Program / European
Environment Agency (EMEP/EEA) models, U.S. Environmental Protec-
tion Agency/ California Air Resources Board (USEPA/CARB) models,
Ship Traffic Emission Assessment Model (STEAM), and IMO models.
Each model is designed to meet specific organizational or port needs,
with STEAM particularly influential in recent research. In summary,
while the top-down model is effective for broad, less data-intensive
studies, the bottom-up approach, with its detailed ship-by-ship anal-
ysis, offers greater accuracy and continues to evolve with advancements
in data collection, such as AIS.

The ENTEC report, commissioned by the Department for Environ-
ment, Food and Rural Affairs (Defra), aims to provide a comprehensive
dataset on ship emissions [31-33]. In these reports emissions are
calculated by summing the output of main and auxiliary engines during
ship activity periods. The European Monitoring and Evaluation Pro-
gram/European Environment Agency (EMEP/EEA) model, part of air
pollutant emission inventory guidebook developed by the European
Environment Agency [28], offers technical guidance for preparing na-
tional emission inventories, including shipping emissions. Similar to
ENTEC, the EMEP/EEA model uses more detailed emission factors for its
calculations. In the U.S., both the U.S. Environmental Protection Agency
(USEPA) and the California Air Resources Board (CARB) have proposed
similar port emissions inventory guidance to monitor GHG emissions
from ocean-going vessels in ports [15,34]. The USEPA/CARB model
accounts for boiler emissions and calculates the power load of the main
engine using real-time speed data. The STEAM is a widely used model,
first proposed by Jalkanen et al. [54]. Three years later, the more
advanced STEAM2 was developed by Jalkanen et al. [55], and many
researchers have since adopted this model [46,101,123] to estimate ship
emissions. The STEAM model is more complex, as it calculates the
real-time power of the ship’s main engine based on weather conditions
and ship resistance. The IMO has also developed models included in its
port emissions toolkit and GHG study report [48,49]. The IMO model is
similar to the USEPA/CARB model, though it differs in the definitions of
operational modes. The application of different modelling approaches
can impact port emissions estimates, with results from various
bottom-up models varying by 24-46 % [85,96].

Three primary modelling structures are utilized: White Box Models,
Black Box Models, and Grey Box Models, as outlined by Rouse and
Morris [89]. White box models are based on the mechanism analysis of
ship emissions, incorporating both static and activity ship data. They
derive GHG emissions from voyage data and equipment parameters and
are straightforward due to their transparent model structure. Black box
models, on the other hand, are data-driven, encompassing statistical and
machine-learning models. They rely solely on the relationship between
data response and predictor variables [70]. For example Liu and Duru
[75] projected future emissions of Chinese ports without control mea-
sures, based on factors such shipping trade volume growth, ship type
distribution and fuel consumption. Mandal et al. [79] used Autore-
gressive Integrated Moving Average (ARIMA) models to forecast emis-
sions based on historical data. Yu et al. [120] used a combined model to
enhance the reliability of port emission prediction by integrating a sta-
tistical model with a machine learning algorithm. Their findings indicate
that, without regulations and emission policies, emissions will increase
significantly each year. Grey box models are a hybrid approach that
strikes a balance by combining mechanical formulas with data-driven
models.

2.4. Simulations
Decarbonization strategies are essential to global efforts to mitigate

environmental impacts in the transport sector. As major emission
sources and logistics hubs, ports play a central role in these initiatives.
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Numerous studies have demonstrated that incorporating emissions
estimation models into simulation experiments can enhance port energy
efficiency and reduce emissions cost-effectively [7,114,122]. Wang et al.
[110] suggest that simulation experiments show the potential for energy
efficiency measures in ports to reduce emissions by 25-70 %, while
operational optimization can offer reductions of 30-50 %. Drawing from
Bouman et al. [10] and other systematic literature reviews, decarbon-
ization strategies in shipping can be categorized into three main areas:
alternative fuels, alternative energy sources, and operational improve-
ments. Each strategies uses distinct methodologies to apply GHG emis-
sions estimation models to simulate their reduction effects. The use of
simulation experiments to evaluate decarbonization strategies is a
crucial application of GHG emissions models, providing decision sup-
port for port authorities [1,110].

2.5. Existing gaps and research questions

Existing systematic literature reviews predominantly focus on
models, with limited attention given to data, metrics and simulations.
Table 1 provides a summary of predominant systematic review studies
on port emissions, detailing the study period they cover, the databases
used, their aim, focus, and research theme group. At present, there are
no systematic literature review studies specifically addressing GHG
emissions from ships in ports. Furthermore, there is insufficient litera-
ture to support a systematic review of these vessel types. The emissions
from the aforementioned ships are a significant part of port emissions
and are distinctly different from port land-side emission patterns [37].
With a growing body of literature on GHG emissions from ships at ports,
it is imperative to systematically analyze, categorize and critically
evaluate this extensive research. Unlike existing systematic literature
reviews, this paper provides a comprehensive and practical review of
GHG emissions from ships in ports, covering four key aspects of emis-
sions estimation: Data, Metrics, Models and Simulations. Organizing the
existing literature into various research directions, this review provides
a valuable resource for government transportation management de-
partments, port authorities and operators, and other stakeholders. In
addition, this review provides researchers with a comprehensive over-
view of emissions from ships in ports and provides guidance for future
research.

The following research questions aim to address the critical four
aspects of the GHG emissions estimation framework discovered from the
literature.

Research Question 1: What are the challenges and gaps in data
quality concerning GHG emissions from ships at ports?

Research Question 2: Which metrics are prevalent in current
research for measuring GHG emissions from ships at ports?

Research Question 3: What methods and tools are used in previous
studies for estimating and predicting GHG emissions from ships in ports?

Research Question 4: How can GHG emission estimation models be
applied to simulate the effects of decarbonization strategies?

This paper focuses on container ships, bulk/general cargo ships,
tankers and cruise ships. While miscellaneous vessels, such as tugboats,
are frequently active within port waters and have distinct activity pat-
terns, their emission share is typically low, ranging from 1 % to 5 % [18,
39,68,102]. In addition, different ports use varying boundaries for
calculating ship emissions. The purpose of setting emission inventory
boundaries is to ensure that the port can influence and reduce the
sources of emissions [48]. Consequently, the maritime boundary for port
emissions should encompass all port-related activities of ships. Typi-
cally, the emission boundary includes the following five areas [34].

1. Transit areas: where ships approach or depart from the port at sailing
speed.

2. Restricted speed areas: where ship speed is limited due to geographic
constraints, environmental considerations, or safety, usually in the
waterways leading to the port.
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Table 1

Previous reviews of port emissions studies.
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Reference Study Database Research Aim Aspects of GHG Research theme
duration Emission in port group
Nunes et al. [82] 2010-2017 Scopus Evaluate atmospheric emissions from ships using activity-based Model Ship emission
Google Scholar methodology estimation
Science Direct
PubMed
Bjerkan and Seter 2010-2018 Google Scholar Build a typology on tools and technologies for sustainable ports Model Port sustainability
[71 Web of Science
Lim et al. [72] 1990-2017 Scopus Analyze port sustainability performance and evaluation Metric Port sustainability
Google Scholar
Web of Science
EBSCO"
Emerald Insight
Toscano and 2004-2017 Scopus Summarize atmospheric ship emissions in ports Model Ship emission
Murena [103] Google Scholar estimation
Yang et al. [118] 2003-2018 Scopus Review the applications of Automatic Identification System (AIS) Data Ship emission
Google Scholar data estimation
Sciences Citation
Index
Alamoush et al. [1] 2007-2019 ISI Summarize port GHG emission and energy efficiency Model, Simulation Port sustainability
Web of Science
Elsevier Science
IEEE Explore
Library Database
EBSCO
Boji¢ et al. [8] 2008-2021 Scopus Determine port-related shipping gas emissions Model Ship emission
Google Scholar estimation
Web of Science
Wang et al. [110] 2000-2022 Web of Science Investigate emission sources in port and summarize emission Model, Simulation Port sustainability
CNKI” reduction methods
Chen and Yang 2015-2022 Web of Science Discuss the development of the bottom-up approach based on AIS Data, Model Ship emission

[19]

Springer, MDPI

and identify the main sources of uncertainty

estimation

Science Direct

 Elton B. Stephens Company
b China National Knowledge Infrastructure

3. Maneuvering areas: inside the harbor, where large ships typically
require assistance from tugs.

4. Berthing areas: where ships berth, moor and dock while loading and
unloading cargo and passengers.

5. Anchorage zones: waters where ships wait for further instructions for
berthing.

3. Methodology

This study employs a systematic literature review methodology to
investigate GHG emissions from ships in ports. As defined by Gough
et al. [42], a systematic literature review identifies, evaluates, and
synthesizes existing works of scholars and practitioners. The method-
ology employed in this study follows the traditional three-step approach
of planning, conducting, and reporting, as outlined by Tranfield et al.
[104]. The research questions in this paper focus on GHG emissions from
ships at ports. To address these questions, it is necessary to access
literature databases containing journals, conference proceedings, and
books in areas such as environmental science, maritime studies, trans-
portation, and energy. Implementing a systematic literature review re-
quires databases with advanced search capabilities. Therefore, this
study utilizes Web of Science, Scopus, Springer and EBSCO as primary
search databases. Web of Science and Scopus cover many studies related
to ports and environmental sciences and provide access to a wide range
of journals, including Marine Policy, Transport Research Part D:
Transport and Environment, and Journal of Marine Science and Engi-
neering. The Springer database offers additional maritime and envi-
ronmental journals, such as Maritime Economics & Logistics, WMU
Journal of Maritime Affairs, and Environmental Monitoring and
Assessment. EBSCO further expands access to a broader collection of
e-books and research reports. Gray literature, including government and
technical reports from consulting firms, was also retrieved from official

websites, guided by citations found in the academic literature. Google
Scholar is the literature database with the broadest coverage. However,
its low search precision and lack of advanced search features make it
unsuitable as a primary database for a literature review [43]. The da-
tabases selected for this study ensure a comprehensive and diverse range
of search results, providing a solid foundation for manual selection.
Additionally, search functionalities vary between these databases. In
Web of Science, searches were conducted by topic, where in Scopus,
searches were performed using titles, abstracts, and keywords. For
Springer, which allows only full-text or title searches, a title search with
port-related terms was conducted, followed by a full-text search, using
the same terms. In EBSCO, searches were carried out by title and
abstract.

The subsequent step is the generation of search terms. Derived from
the research questions and the research topic of this paper, search terms
were categorized into four groups: Port, Emission, Activity and Ship.
“Port” and “Emission” were identified as essential keyword groups. The
“Port” group includes the term “port” and its near synonyms are used to
search for studies whose scope is limited to the port area. The group
"Emission” includes GHG-related terms to limit the types of gases
emitted. By reviewing previous literature [7,53,72,110,111], the key-
words for both groups are obtained. The “Activity” and “Ship” groups
encompassed terms related to ship operations and types, respectively.
The former refers to the mode of operation of a ship in a harbor and adds
to the literature that is likely to be missed in the search, such as studies of
emissions in the berthing or hoteling mode of a ship [4,109]. The latter
restricts the studies to those within ports. The search terms for these two
groups were obtained from the technical report literature [15,29,33,34,
49].

Different keyword combinations were tested to identify the most
effective approach, as summarized in Table 2. For example, searching
for “Port + Emission” yielded an overwhelming number of papers
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Table 2
Results of search term group combinations.
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Port+Emission Port+Activity-+Emission Port+Ship+Emission Port + (Activity OR Ship) + Emission
Web of Science 45,834 818 1789 2435
Scopus 58,562 596 2424 2757
Springer 214 37 151 151
EBSCO 45,477 767 1657 2302
Total 150,087 2218 6021 7645

(150,087), many of which were duplicates. Conversely, narrowing the
search to “Port + Activity + Emission”, resulted in a potentially limited
scope. The most effective combination was found to be “Port + (Activity
OR Ship) + Emission” as shown in Fig. 1. The final search term used was
((port OR seaport OR harbor OR berth OR terminal OR seaside) AND
((ship OR vessel OR tanker) OR (hoteling OR berthing OR “at berth” OR
maneuvering OR anchored OR moored OR “slow transit™)) AND (CO2
OR CO2e OR GHG OR “greenhouse gas” OR decarbonization OR NetZero
OR Zero-CO2 OR Green OR Carbon))

Developing precise inclusion and exclusion criteria is a crucial step in
conducting a systematic literature review. For this study, the period
from January 2000 to June 2024 was selected as the time period. The
year 2000 marks a significant juncture, as the IMO began commissioning
studies to estimate GHG emissions from shipping, laying the ground-
work for research on ship GHG emissions in ports, (see, for example,
[47]). These studies have become a cornerstone for evidence-based
decision-making and a global reference for GHG emissions estimation
in international shipping. Recognizing the importance of grey literature
in maritime research, this study includes grey literature to capture a
broader spectrum of perspectives. This is particularly relevant in the
maritime sector, where many classic models and concepts originate from
international organizations or port authorities, often documented in
technical reports and guidelines. This study limits its scope to literature
available in full text and English. To remain focused on GHG emissions
and sustainable port development, studies on general atmospheric
emissions were excluded.

As shown in Fig. 1, the initial literature search across four databases
yielded 7645 articles. This number was narrowed to 5367 after filtering
by article type, publication date and language. After removing dupli-
cates, 2530 articles remained. Screening the titles for relevance to port
emissions reduced this number to 536. Subsequently, a further review of
abstracts and full text excluded articles that lacked full text access or

Ssarch ferms Port Key Words

Port, Seaport, Harbour, Berth
Terminal, Seaside

Activity Key Words
Hotelling, Berthing, At berth,
R—>  Manoeuvring, Anchored
moored, slow transit

Ship Key Words

Ship, Vessel, Tanker

AND
GHG emission Key Words

€02, CO2e, GHG, Greenhouse Gas, Decarbonization
NetZero, Zero-CO2, Green, Carbon

Identification Phase

Literature Databases

i/ webof ]
Apply search term H +/ Scopus &/ Sodnoes J+ EBSCO :
in data bases g / Science // P // pring // /

i Select: 2,435
i Total: 7,645

Select: 2,757  Select: 151

Select: 2,302

employed qualitative research methods. Articles unrelated to GHG
emissions or those that did not focus on emissions from ship activities in
ports were also excluded. After a final full text assessment, 139 articles
were selected for inclusion in this systematic literature review. The list
of selected articles is presented in supplementary material. To system-
atically extract data, each selected paper underwent a thorough reading
and coding process. The detailed inclusion and exclusion criteria are
outlined in Fig. 1.

4. Results and findings

A total of 139 relevant papers were selected from the systematic
literature review after a comprehensive evaluation. From Fig. 2 one can
notice a concentration of these studies within a limited number of
journals. The top 13 journals published account for 46 % (64 docu-
ments), with “Journal of Marine Science and Engineering” and “Trans-
portation Research Part D-Transport and Environment” the most
common. Both are known for being traditional transportation journals,
with 14 articles and 11 articles, respectively. Other prominent journals
include “Sustainability” and “Journal of Cleaner Production”, all of
which are recognized for their environmental focus. All 13 journals
depicted in Fig. 2 focus on transportation and/or environmental issues.

Fig. 3 provides an overview of the publication trends and citation
patterns of the selected papers, with key milestones in green shipping
marked alongside. The timeline highlights important events in the field,
such as the adoption of the Energy Efficiency Design Index (EEDI),
various IMO GHG studies, and the implementation of the Data Collec-
tion System (DCS) and short-term measures (EEXI and CII). The chart
also tracks the number of aspects of the GHG emission estimation pro-
cess from ships in ports addressed in the literature each year. There has
been a steady increase in publications and citations in this domain,
especially after 2017. Despite a minor decrease in publications between

1 &E criteria:
Type filter - Research published in academic joumnals
~~~~~ Conference papers, Reports, and Book chapters
Select: 5,367 - Research published since 2000
- English
o Dupli filter | & criteria:
ﬁ Select: 2,530 - No duplicate literatures among different databases
o
o
£
S
S
K]
"
Title filter | Inclusion & Exclusiom criteria:
Select: 536 - Research related to port emission
Abstract filter
Select: 253
Inclusion & Exclusiom criteria:
Research covering GHG emission
g port emission from ships
-4 Research covering decarbonization strategies
j:4 simulation
o - Full access to literatures
> - Quantitative or Mixed research method
- . i
=) Full article filter| !
o Select: 139

Fig. 1. Overview of the systematic literature review process.
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Pomorstvo-Scientific Journal of Maritime Research _
% Journal of Cleaner Production _
Maritime Policy & Management -
Environmental Science and Pollution Research -
0 2 4 6 8 10 12 14 16
Count of pubilication
Fig. 2. Distribution of top journals.
Aspects of GHG Emission Estimation Trend
o EEXI comes into effect 79
Adoption of short-term 800
- measures (EEXI, CII)
) Fourth IMO GHG Study ., e
Adoption of a mandatory IMO 600
" Data Collection System (DCS)
Third IMO GHG Study - e
: 400
10 Adoption of EEDI -
" 300
Second IMO GHG Study
200
First IMO GHG Study
100
! 1 L b !

2000 2002 2004 2006 2008 2010 2012

= Data Papers

Simulation Papers

m \fetric Papers

Publication Count

2014 2016 2018 2020 2022 2024

mmmm Model Papers

Citation Count

Fig. 3. Publication trend & citation patterns (Source: Authors).

2022 and 2023, the rising trend in citations underscores the continuing
importance and relevance of research in this area. The trends across the
four aspects; data, metric, methods and simulations have shown
different patterns over time. Until 2010, most studies focused primarily
on data and methods. However, since 2015, research on decarbonization
strategy simulations has increased annually. Additionally, there has
been an upward trend in the number of studies on metrics in recent
years, reflecting the growing emphasis on quantitative measures in GHG
emissions research.

In the following section, we analyze the selected literature for the

systematic literature review, based on the research questions. Each
study addresses one or more aspects of GHG emission estimation process
from ships at port. Overall, 85 % of the selected studies focus on data
quality, 83 % on models, 42 % cover simulations and only 14 % address
metrics.

4.1. Data quality

4.1.1. Data attributes
The selected studies from the systematic literature review are
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descriptively analyzed based on data attributes, with a focus on data
size, duration, and frequency. Most studies (62 %) examine data from a
single port, while around 14 % encompass more than ten ports. Large-
scale studies [25,40,62,83,94,97,108] are often national or regional in
scope, requiring extensive data and inter-institutional cooperation,
which explains their relatively limited number. Fleet-focused studies
examining specific vessels in a port constitute 3 % of the total. Fig. 4
highlights the temporal aspects of data samples. The majority (65 %) of
the studies use data spanning more than one year but less than three
years, likely due to the accessibility of such data. In contrast, only 7 % of
the studies cover a duration of less than one month, typically repre-
senting early research or analyses of fleet activity in ports [44,65,98,
109,116,124]. These shorter-duration studies are generally suited for
micro-level analysis. Studies with data extending beyond five years are
also limited (11 %), mainly due to challenges in accessing long-term
maritime data, often related to privacy concerns [58]. Regarding data
sampling frequency, yearly calculations are predominate, with only
16 % studies provide daily GHG emission estimates in ports. This trend
reflects the common practice of ports releasing data on an annual basis.

4.1.2. Data source

Calculating GHG emissions from ships requires both ship activity and
static data. Ship activity data, primarily collected through the Automatic
Identification System (AIS), reflects the real-time status of the ship,
including its position, speed, and heading [46]. "Static data" refers to
ship characteristics that remain constant over time and under various
conditions [64]. In this study, static ship data includes dimensions (e.g.,
overall length, beam), engine specifications (e.g., main engine power),
and other constants (e.g., service speed).

Shipping databases are broadly categorized into commercial, port
authority, and private databases. Commercial databases, like those
provided by Lloyd, Clarkson, Marine Traffic, etc., offer global coverage
with uniform standards but often lack the accuracy and detail of port
authority databases. Port authority databases, developed by individual
port authorities, vary in detail depending on the port’s size and invest-
ment in information systems, and they are generally more comprehen-
sive than commercial alternatives. Independent databases, which
consist of data collected directly by researchers, are less common in the
literature.

Fig. 5 shows the distribution of database sources used in studies.
Most rely on port authority data, with 74 % of ship static data and 88 %
of ship activity data sourced from these databases. This indicates po-
tential for further development of commercial databases, especially for
activity data. The heavy reliance on port authority data also explains
why most current studies are limited in scope to single ports and dura-
tions of 1-3 years. Obtaining large-scale, multi-port data from port au-
thorities is challenging due to confidentiality concerns and data
accuracy issues [80]. These insights highlight a gap in current research:
the lack of consistent, long-term data across multiple ports with high

More than 5 years

3 years to 5 years

1 year to 3 years

Time Length

Less than 1 year

Less than 1 month ]
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sampling frequency for estimating ship GHG emissions. However, the
complexity of managing such large datasets poses additional challenges
for model calculations. In addition to dataset size, several studies
highlight the need for improved data quality, noting the presence of
significant amounts of missing or abnormal data within the datasets [24,
112,119]. Low-quality data can negatively impact the accuracy of esti-
mation results.

4.2. GHG emissions metrics

This section synthesizes the metrics used to measure ship GHG
emissions in ports, as identified in the systematic literature review.
These metrics fall into two categories: emission totals and emission ef-
ficiency. Metrics like CO2 emissions, CO2e emissions, and Global-
warming potential (GWP) represent emission totals, quantifying abso-
lute GHG emissions from ships in ports. Emission efficiency metrics,
including the Energy Efficiency Existing Ship Index (EEXI), Energy Ef-
ficiency Design Index (EEDI), Energy Efficiency Operating Indicator
(EEOI), Carbon Intensity Indicator (CII), Environmental Ship Index
(ESI), and CO2 emissions per TEU delivered, evaluate the efficiency of
ship equipment and operations. The results indicate that most studies
(87 %) utilize emission total metrics, while only 13 % focus on emission
efficiency. Emission total metrics are typically uniform across studies,
encompassing CO2 emissions, fuel consumption and social and envi-
ronmental costs. The latter two indicators reflect the economic and
environmental impacts of air pollution caused by ships and ports [115].
Fuel consumption directly correlates with the magnitude of GHG emis-
sions. However, emission efficiency metrics vary depending on research
objectives. For instance, CO2 emissions per ton of cargo or Deadweight
Tonnage (DWT) are used as metrics to assess the environmental effi-
ciency of different ship types and sizes [12,88,107]. Real-time moni-
toring of ships using the Environmental Ship Index (ESI) in ports [36]
and tracking the potential CO2 reductions from improved ship equip-
ment using EEXI, EEDI, and CII [23] are other approaches. CO2 emis-
sions per nautical mile in ports and per hour at berth are crucial for
understanding the relationship between speed, emissions and port
operational efficiency [16,61,81].

While organizational reports and literature predominantly focus on
total emission metrics, offering a clear picture of GHG emission levels
and trends, emission efficiency metrics are essential for comparing ships
or berths across multiple ports. These metrics provide insights into the
emissions of various ship types, enabling targeted optimization strate-
gies. However, a gap remains in the current research, there is a need for
a comprehensive review of how emission efficiency metrics evaluate
GHG emissions performance in port activities and for a uniform standard
for these metrics.

Monthly

Time Frequency

Yearly

10% 20 30 409 50
Percentage of pubilication

0 10% 20¢ 30 40% 50% 609
Percentage of pubilication

Fig. 4. Data time length and frequency distribution.
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Fig. 5. Data source category distribution.

4.3. GHG emissions estimation model

Based on the selected literature, 116 articles include detailed infor-
mation of the GHG emissions estimation model used in the analysis.
White box models present in 83 % of these studies, while black box
models account for 13 %. One study by Cooper [20] collected GHG
emissions data directly from sensors, a model less suited for large-scale
data collection. Fig. 6 depicts the distribution of modelling approaches,
with bottom-up models being the most common and top-down models
used less frequently. Machine learning and direct data collection
methods are rarely employed (7 %). ENTEC model is the most utilized
(21 %), followed by USEPA/CARB (20 %), other bottom-up models
(18 %) and EMEP/EEA (14 %). The ports studied in these methods often
have sophisticated data collection systems that enable detailed research.
However, there is a notable absence of standard benchmarks using
actual data to verify estimation accuracy in current studies. In summary,
while current estimation models require high-resolution data for
optimal results, incorporating statistical modeling or machine learning
could enhance accuracy and balance interpretability with data
requirements.

Other Bottom-up
18%

EMEP/EEA
14%

USEPA/CARB
A

Emission factors, crucial in GHG emission estimation model, need to
be updated consistently [66]. These factors typically consist of emission
factors and default technical parameters. Emission factors are used to
convert the amount of energy and fuel consumed into specific emission
quantities. Default technical parameters, such as the power load of the
main engines, auxiliary engines or boilers while ships are berthed, are
calculated based on empirical averages [8,112]. These empirical aver-
ages depend on large datasets of historical ship data, meaning that
calculation factors can be updated as new data becomes available. Fig. 7
illustrates the distribution of emission estimation factors, with ENTEC
and USEPA/CARB being the most commonly used due to their extensive
empirical data. Notably, a category termed ’independent emission fac-
tor’ ranks third, indicating that a significant number of studies develop
custom emission factors tailored to specific port conditions. Recent
studies suggest that port-specific factors are necessary, as using outdated
or non-localized emission factors can lead to increased errors in esti-
mations [87,112].

Modelling approach category
B sottom-up method
B oiectestimate

Machine Leaming

Top-down method

Fig. 6. Emission estimation model.
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Fig. 7. Emission calculation factor source.

4.4. Decarbonization strategy simulation experiment

Out of the selected literature, 58 papers use GHG emission estimation
models to simulate the impact of different decarbonization strategies.
Fig. 8 categorizes the simulated decarbonization strategies from these
studies. The two predominant categories are operations and alternative
energy sources, mentioned in 42 % and 39 % of the studies, respectively.
Alternative fuels are discussed less frequently, appearing in 19 % arti-
cles. Fig. 8 also highlights specific methods, showing that shore power is
the most frequently mentioned emission reduction strategy unique to
ports (39 %), nearly three times more frequent than other methods.
Alternative fuels, speed optimization, and port efficiency optimization
are discussed with similar frequency, while berth optimization is
mentioned less often, indicating a need for further research in this area.

There are distinctions in how GHG emission estimation models are
applied to simulate decarbonization strategies. For shore power, most
studies first use GHG emission estimation models to calculate emissions
from ships in ports under normal conditions, then calculate emissions

Shore Power
39%

from the grid when shore power is used, based on the time the ship is at
berth [24,45,51]. For alternative fuels, the impact of switching fuels is
evaluated by adjusting the fuel emission factor within the GHG emission
estimation model [76,78,79]. For berth and port efficiency optimiza-
tion, GHG emission estimation models are incorporated into the con-
straints and objective function, allowing the simulation to find optimal
solutions in multi-objective scenarios [2,90,109]. For speed optimiza-
tion, AIS data related to ship speed is adjusted and input into the
emission estimation model to simulate the effects of optimized speeds
[17,56,69]. However, when different decarbonization strategies are
applied simultaneously at a port, their respective effectiveness can be
diminished [60,76,122]. For example, the use of shore power can lead to
ship delays, potentially reducing berth efficiency and increasing overall
port emissions [22]. Therefore, interactions between decarbonization
strategies must be considered in simulations, and scenarios involving
multiple strategies should be included to more accurately simulate
emissions from ships in ports.

Furthermore, this paper employs meta-analysis to extract simulation

Strategies category
. Alternative Energy Source
. Alternative Fuel

. Operation

Port Efficiency Optimization
14%

Fig. 8. Decarbonization strategies distribution.
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results of decarbonization strategies based on GHG emission estimation
model from the literature, and the findings presented in Fig. 9. The
effectiveness of decarbonization strategies varies across different ports,
as noted by Styhre et al. [99]. We can see that shore power has the
highest average reduction rate for emissions (looking at the 50th
percentile), with an average emission reduction rate of 33 % and a large
number of samples to support the data. It is worth noting firstly that the
efficiency of shore power varies greatly from port to port, and secondly
that there is a risk of increasing GHG emissions by using shore power.
This is due to two factors, the most important of which is that ports have
different sources of shore power generation, and the use of
non-renewable energy sources can significantly increase GHG emissions
[44,45,97]. Ship speed optimization, berth optimization and alternative
fuel can reduce the emission reduction rate by 26 %, 23 %, and 17 %,
respectively. Again, a number of studies are available for each decar-
bonization strategies, and there is variability in the results. This vari-
ability highlights the need for a standardized method to simulate
decarbonization strategies, enabling the assessment of emissions across
different port types using a consistent database and GHG emission
estimation model. Such an approach would enhance the efficiency and
applicability of decarbonization strategies across diverse port

Marine Policy 171 (2025) 106455

environments.
5. Discussion

Despite the increasing number of studies on GHG emissions from
ships in ports, significant research gaps remain that warrant further
exploration. This section presents these gaps and outlines future
research directions, derived from the systematic literature review across
the four key research aspects. Fig. 10 summarizes the limitations of
previous studies and proposes future research directions for addressing
GHG emissions from ships in ports.

5.1. Challenges and gaps in the data quality

Critical challenges in data quality for GHG emissions from ports
include issues related to data resolution, accuracy, accessibility and
standards. Many studies, particularly earlier ones, rely on annual data
from individual ports, and the low resolution of these datasets reduces
the accuracy of emission calculations. Accessibility is also hindered by
the restricted nature of port authorities’ databases, often due to security
concerns, resulting in missing data and anomalies that complicate multi-
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Fig. 10. Future directions of GHG emissions from ships in ports.

port studies. Future research could focus on improving pre-processing
techniques for ship static and activity data from ship. Effective pre-
processing reduces data noise, leading to more robust and accurate
model training outcomes.

In addition, the varying standards of data collection by ports, ship-
ping companies, commercial databases, and international organizations
present significant challenges when attempting to merge data from
different sources. Therefore, research aimed at fostering collaboration
between organizations and developing standardized methods for GHG
emissions data collection would be highly valuable. Standardized da-
tabases would streamline initial efforts for future studies and improve
consistency and interpretability across different research projects.
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5.2. Metrics for measuring GHG emissions

Total emissions are the most used metric, providing a clear picture of
port GHG emissions. Social cost is another frequent quantitative indi-
cator assessing the economic impact of emissions. However, emission
intensity metrics should be utilized more extensively. The use of
different metrics makes it difficult to analyze the causes of variability in
emission patterns across ports. Future studies should incorporate uni-
form and diversified metrics to better understand the emissions perfor-
mance of different ship types and ports, aiding port authorities evaluate
the effectiveness of decarbonization strategies.
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5.3. Methodologies and tools for estimating emissions

Port GHG emissions can be categorized according to the modelling
approach (top-down and bottom-up) and structure (white-box, black-
box, and grey-box models). Prominent models include USEPA/CARB,
EMEP/EEA, ENTEC, STEAM, IMO, IPCC, MEET, and various indepen-
dent models. Bottom-up models, while accurate, are often region-
specific, whereas top-down models offer broader applicability but
need more precision. In terms of modelling structure, white-box models
are highly interpretable, allowing users to understand how results are
derived. However, their accuracy is constrained by the data quality,
often making them less precise than black-box models. On the other
hand, black-box models, commonly implemented through machine
learning algorithms, offer higher accuracy but need better interpret-
ability, making it challenging to understand the underlying process of
their results. Therefore, the challenge lies in balancing model accuracy,
applicability, and interpretability.

Additionally, emission factors can significantly impact estimation
results. Emission factors are typically derived from real-world emission
testing of ship. However, emission testing is both expensive and com-
plex, leading to a scarcity of actual emissions data [96]. Testing results
can also vary due to several factors, such as differences in port or vessel
cleaning technologies, emission testing protocols, resulting in an un-
certainty range of approximately 20-50 % in estimating emission factors
[33]. Therefore, the selection and regular updating of emission factors
that are used in calculation of shipping emissions are crucial for
achieving accurate results.

5.4. Simulation experiment for decarbonization strategies in ports

Decarbonization strategies for ships in ports primarily include
alternative fuels (e.g. LNG, cleaner MDOs), alternative energy sources
(e.g. shore power), and operational strategies (e.g. speed optimization,
berth optimization, port efficiency optimization). GHG emission esti-
mation models are increasingly used to simulate the effectiveness of
these strategies. However, most simulation experiments focus on the
impact of a single decarbonization strategy on port emissions, with
limited consideration of interactions between different strategies. Future
research could propose new objective functions and incorporate addi-
tional constraints into port emission optimization simulations to eval-
uate the synergistic or antagonistic effects of combined emission
reduction strategies.

Moreover, not all ports implement the same decarbonization stra-
tegies. Factors such as port size and type of ships at anchor, etc. affect the
efficiency of these decarbonization strategies [13]. There is a lack of
systematic and comprehensive simulation experiments on decarbon-
ization policies based on a consistent database for different port types.
Future research should explore the advantages and limitations of
emission reduction strategies across various port environments. This
would provide accurate and actionable insights for policymakers.

6. Conclusions

This research highlights the complexities and opportunities in
addressing GHG emissions from ships in ports. Accurate data collection,
diverse metrics, advanced modelling techniques, and effective decar-
bonization strategy simulations are essential. The systematic literature
review conducted in this paper reveals several gaps in the current un-
derstanding of ship GHG emissions in ports and provides direction for
future research. First, there is a lack of high-resolution databases with
standardized protocols for estimating GHG emissions in ports. Limited
access to comprehensive and reliable data hinders large-scale port
emissions analysis, and improving the quality of available data is crucial
for enhancing accuracy. Second, the metrics used in current studies
predominantly focus on total CO2 or GHG emissions, overlooking
valuable insights that could be gained from examining emission
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intensity across different ships and berths. A uniform metric for ship
GHG emissions in ports is needed to assess and compare port perfor-
mance more effectively across different contexts. Third, existing models
for estimating ship GHG emissions in ports have room for improvement.
A hybrid approach combining traditional models with machine learning
techniques could strike a better balance between interpretability,
complexity, and accuracy. Fourth, many emission parameters currently
used in models are outdated, updating these parameters with the lates
data is essential for improving estimation accuracy and providing more
reliable results. Fifth, interactions between different decarbonization
strategies should be incorporated into simulations. The effects of
applying multiple strategies simultaneously need to be considered to
provide a more comprehensive assessment of their combined impact on
emissions reduction. Last, there is a scarcity of research that simulates
port performance under various decarbonization strategies using
consistent databases and GHG emission estimation models. Addressing
this gap could lead to more accurate and comparable assessment of
decarbonization efforts across ports.

6.1. Recommendations and future directions

Future efforts should focus on improving data quality, expanding the
use of metrics, and developing standardized methodologies for policy
evaluation. Collaborative efforts between ports, governments, and re-
searchers are essential for achieving significant emissions reductions. To
address GHG emissions from ships in ports effectively, a multi-
dimensional approach is needed. Port authorities, shipping companies,
and international organizations must collaborate to establish standard-
ized data collection protocols, ensuring consistency and accuracy in
emissions reporting. Future research should also aim to enhance pre-
processing techniques for ship static and activity data, thereby
improving the quality of inputs used in emissions estimation models.

There is also a critical need to develop uniform and diversified GHG
emission intensity metrics tailored specifically to ports, as current
metrics predominantly focus on ships at sea. Moreover, hybrid models
combining statistical and machine learning techniques should be
explored to balance interpretability, complexity, and accuracy in emis-
sions estimation. Emission parameters in models should be regularly
updated with the latest data to ensure accuracy, and simulations should
consider the combined effects of multiple decarbonization strategies.
Finally, researchers should evaluate decarbonization strategies for
various port types to identify the most effective approaches for different
contexts. These collective efforts will lead to more efficient emissions
reduction in ports worldwide.
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