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ABSTRACT:

The research paper gives an in-depth review of how advanced technologies and sustainable 
practices are integrated into port operations.

Purpose: To investigate the feasibility of smart green ports as a solution to  climate change in the 
maritime sector. It explores the integration of digital technology with environmental practice to 
lower ecological footprints and  improve operational efficiency in ports with respect to sustainable 
development in the maritime industry.

Design/methodology/approach: A shifting perspective on the port’s operations through a multi-
dimensional point of view of criteria-based data analysis  and evaluation of smart technology 
integration. It features both a comprehensive review of the literature and in-depth case studies 
of the best smart green  ports in the world, including those in Rotterdam and Singapore, which 
provides a strong framework for assessing sustainability initiatives driven by technology.

Findings: Among ports effectively embracing IoT and AI technologies, it is observed that energy 
efficiency and reductions in greenhouse gas emissions show a  remarkable statistic. Innovative 
technologies simplify logistics,  lower costs, and improve service levels. Example of its Environmental 
performance improvements: Ports are driving positive environmental performance, with some 
ports using renewable energy sources for  operations and applying advanced waste management 
systems. The studies highlight the importance of stakeholder engagement in inspiring joint 
environmental  responsibility.

Research limitations/implications: The limitations are the heterogeneity  of regional port cases 
limiting generalization of findings and the variability of port operations data availability. These 
limitations underscore the importance of additional  field studies in different marine settings. 
The study also informs policymaking, investment planning, and operational practices for the 
management of sustainable ports.

Practical implications: The findings help refine global  emissions reduction strategies for port 
operations, both directly and indirectly, and advise port authorities on technology investments that 
are both environmentally and economically beneficial. The study paves the way for embracing 
sustainability into everyday port functions that can be part of a global shift in the maritime sector 
to more  responsive and ecological systems well into the future.
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1.	 Introduction

The introduction to the research paper “Smart 
Green Ports: A Sustainable Solution for the Maritime 
Industry in a Changing Climate” sets an important 
framework for understanding the intersection of 
maritime operations, environmental sustainability, 
and technological advancement. The maritime 
industry is quite instrumental in global trade, 
accounting for about 90% of the world’s goods 
transported    (H. Yu et al., 2022). The role   of this 
industry in   the   environmental   impacts is 
noteworthy and more or less represents 2.5 percent 
of the total world’s greenhouse gas emissions, 
which indeed poses serious challenges towards 
growth efforts that are sustainable (IMO,2023). The 
emphasis on the modification and improvement 
of port areas also grows in pace with climate 
change (Inal, 2024). Considering the parameter 
that infrastructures and the potential of operating 
at multiple ports are under the threat of rising 
sea levels and natural calamities, we think that 
measures to adapt and make ports more resilient 
should be pursued without any hesitation. (Durlik et 
al., 2024a). This is where the concept of smart green 
ports comes in as a transformative  approach 
that merges cutting-edge technologies with 
sustainability, an approach that would enable 
effective solutions to these problems (Cavalli et al., 
2021). 

It is essential to provide a more holistic  framework 
for smart green ports by not just focusing on 
smart port technologies but also bringing in the 
concepts of environmental consciousness (EC), 
environmental behavior (EB), and stakeholder 
engagement. Berger: Integrating this is key to 
building a  comprehensive approach to port 
sustainability and climate change mitigation. This 
definition of a smart green port must consider  both 
technological developments and stakeholder 
interaction. Extending  from Belmucari et al. To define 
a smart green port, the definition proposed by Zhe 
et al. (2024) to the port context and propose: A smart 
green port is an integrated port/hinterland facility 
that embraces sustainable, safe, and automated 
practices, where VHT, virtual personnel, and 
management practices are interlinked to optimize 
port operations, guarantee customer satisfaction, 
and mitigate environmental damage (Zhang et 
al., 2024). It also involves stakeholders and local 
community elements in decision-making, where 
decisions are based on data on data and feedback, 

which promotes environmental  awareness and 
sustainable practices. The latter brings forward a 
synergy  between technological innovation and 
community involvement, which are inextricable 
when considering solutions in the maritime 
industry for climate change. Smart green ports 
adopt Internet of Things (IoT)  devices, artificial 
intelligence (AI), and big data analytics to improve 
not just operational efficiency but also measure 
and mitigate environmental impacts (Durlik et 
al., 2024b). These technologies offer real-time 
visibility into emissions, energy consumption,  and 
other environmental indicators, empowering port 
authorities to make data-driven decisions and 
adopt precise sustainability measures(Imafidon 
et al., 2024). In North African Countries (NACs) and 
other developing areas, the application of EC 
and EB concepts in smart green port operations 
is of  great importance. Researchers have found 
that port stakeholders demonstrated greater 
commitment to sustainability initiatives  when 
they possessed greater environmental knowledge 
(Othman et al., 2022). The diffusion of environmental 
information and the facilitation of participation  in 
ecosystems through the use of smart technologies 
can speed up EC by stakeholders × ports and 
drive a transformation towards more sustainable 
practices and actions. For instance, smart green 
ports help create digital platforms that provide 
real-time environmental data to the public to boost 
operational transparency  and foster community 
engagement in sustainability efforts (D’Amico et al., 
2021).

These platforms may also serve as feedback 
channels for key stakeholders to support port 
authorities in rectifying community concerns  with 
decision-making processes through local 
knowledge. Smart technologies are another area 
that has an important role to play, especially in 
monitoring and managing environmental impact 
and minimizing  the risk of climate change. 
Furthermore,    tech   solutions   like   sophisticated 
sensor networks and AI-powered predictive 
analytics can help ports anticipate and prepare 
for climate change risks like rising sea levels  and 
extreme weather events (Sotirov et al., 2024). 
Not only has the resilience of the ports been 
enhanced through this methodology, but this has 
also further echoed a long-term sustainability 
plan that has played a major  role in moving the 
stakeholders’ behavioral practice and mindset 
toward an environment-conscious approach. As 
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the shortage of resources to implement smart 
green port initiatives is expected, consideration 
of local conditions and the needs of stakeholders 
must also be taken into  account to accommodate 
them. Integrating EC and EB concepts  into smart 
port strategies may help port authorities design 
more effective sustainability programs that are 
also culturally appropriate. These applications 
may assist not only in informing policy but also in 
creating linkages to participate in local governance 
(e.g., community-based environmental monitoring 
programs based on smart technologies) that can 
lead to enhanced local engagement with individuals 
as well as their local resources, enabling port 
management to receive valuable data as results of 
digital technology-based citizen participation (Issa 
Zadeh, Esteban Perez, et al., 2023).

Smart green ports are using innovations like the 
Internet of Things (IoT), artificial intelligence (AI), 
and big data analytics to optimize operations 
and minimize ecological footprints (Clemente 
et al., 2023). For example, AI applications in fuel 
optimization, predictive maintenance, and route 
planning show promising results in increasing 
operational efficiency while lowering emissions 
(Inal, 2024). Pilot implementations, as seen in the 
case studies of leading ports such as the Port 
of Rotterdam and the Port of Singapore, show 
effective technology integration and ensure 
considerable upsurges in fuel efficiency and 
environmental monitoring, respectively. Smart, 
green ports are responsible consumers of energy 
with the adoption of various renewable sources 
of energy and implement a system of waste 
management that varies depending on the  scale 
of operation, therefore contributing to sustainable 
good practices in line with the UN’s Sustainable 
Development Goals at large (Xiao et al., 2024). The 
European Sea Ports Organization has been a clear 
leader in the promotion of environmental protection 
within port activity, where decarbonization is part 
of  modern port management practices. It is also 
part of the general current in the maritime  industry 
toward low carbon energetic technologies 
and sustainable practices that boost not only 
operational efficiency but also environmental 
stewardship (ESPO, 2021). Apart from that, local 
support is the main driver in implementing smart 
green initiatives in the various ports. This would 
allow the tailoring of the sustainability measures 
to the needs of their locale and also allow them to 
take ownership of the environmental outcomes. 

Indeed, collaborative approaches have been used 
to improve decision-making and increase public 
acceptance of sustainability interventions within 
the port communities (Mahmud et al., 2024).

The   European   Sea Ports     Organisation   plays  
a key role    in   supporting   environmental 
sustainability in  port  operations   and   has 
highlighted decarbonization as an important part 
of current port management (ESPO, 2023). Its efforts 
give way to a much broader movement within the 
maritime industry toward using low-carbon energy 
technologies and sustainable methods that improve 
both efficiency and environmental care (Zhan et 
al., 2024). To implement smart green initiatives 
effectively in port settings, one must ensure the 
involvement of the community. This includes the 
local stakeholders’ involvement, which assures 
the customization of sustainability strategies for 
the community’s needs and instills ownership in 
the community concerning the environmental 
results. Other advantages of collaborative 
methodologies proposed in academic studies also 
include enhancing decision-making processes 
and expanding public support with regard to port-
community sustainability initiatives. (Durlik et al., 
2024a).

It is necessary, for the sake of this research paper, 
to formulate a clear-cut research question and 
hypothesis to guide the inquiry in understanding the 
integration of intelligent technologies within port 
operations and what it might possibly bring for the 
promotion of sustainability. Intelligent technologies 
integration in port operations would also play a role 
in forwarding sustainability initiatives in relation to 
the environment and socio-economic concerns 
of climate change. The application of intelligent 
technologies would, therefore, not only mean that 
improvement in port operations will be realized 
but also assist in reaching broader sustainability 
objectives (Xiao et al., 2024). Improved operational 
efficiencies can result in a reduction in energy use 
and reduced emissions, and hence, a lesser impact 
on the environment. Further, the involvement of 
stakeholders in sustainability initiatives ensures 
that such initiatives are contextually relevant and 
appropriate and receive considerable support 
from the local communities, industry partners, and 
government bodies. Collaboration would provide 
the basis for shared responsibility in environmental 
stewardship, ensuring the long-term fulfillment 
of sustainability goals in the maritime sector 
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(Jonathan Glimfjord and Kankama Manase Shariza, 
2024). This research question and associated 
hypothesis are important elements in the study of 
the effectiveness of smart green ports in addressing 
sustainability issues and improving academic 
discourse on sustainable development within the 
context of maritime logistics. Addressing these 
dimensions, this research aims to provide critical 
insight into best practices regarding the integration 
of technology with ecological sustainability in port 
operations.

Most literature on smart green ports has focused 
on climate  change mitigation, but there is an 
increasing understanding of the need for climate 
adaptation to port operations. Climate adaptation 
identifies the need to prepare and respond to 
the impacts of climate change exposure (e.g., 
sea level rise, increased storm frequency  and 
intensity, changes in rainfall patterns, etc.) As ports 
become smart  green ports, their adaptation was 
increasingly integrated into their mitigation. For 
example, the Port of Rotterdam has an extensive 
climate adaptation program that features raising 
quay walls, boosting flood  defenses, and floating 
infrastructure to deal with rising sea levels (Ibrahim 
et al., 2024a). In this study, the case studies show 
how  ports can utilize smart technologies and 
sustainable practices to improve climate-related 
risk mitigation and resilience capabilities. Climate 
adaptation in ports in developing countries needs 
to adapt with green building practices and smart 
technologies  to local conditions (Imafidon et al., 
2024). More and more, ports are embedding climate 
risk assessments into their long-term, such as 
the  use of advanced modeling and simulation tools 
to forecast potential climate effects and develop 
preparedness strategies (Durlik et al., 2024b).

This research question tries to determine how 
exactly intelligent technologies the Internet of 
Things, Artificial Intelligence, and big data analytics 
can be applied to port operational models in an 
effective way. 

These are the research questions that can help the 
reader have a clear view of the aim of your study:

•	 How do smart technologies in port operations 
contribute to reducing greenhouse gas 
emissions and improving energy efficiency?

•	 What are the most effective strategies for 
integrating renewable energy sources into 
smart green port infrastructure?

•	 How can data analytics and artificial 
intelligence be leveraged to optimize port 
operations for both economic efficiency and 
environmental sustainability?

•	 What are the key barriers to implementing 
smart green port initiatives in developing 
countries, and how can these be overcome?

•	 How do smart green port technologies 
contribute to enhancing port resilience 
against climate change-induced risks?

This is in order to identify areas the technologies 
could potentially  contribute toward, including 
operational efficiency improvements and 
reductions in energy consumption with resultant 
mitigation of greenhouse gas emissions. It will 
also show how these innovations can be used in 
conjunction with green shipping best practices 
to build a dependable maritime infrastructure 
able  to address climate change. For Ports of the 
Future, using advanced technologies will notably 
strengthen sustainability through operational 
optimization, environmental mitigation, and 
stakeholder collaboration that should set ports 
in motion to become the primary actors for 
environmentally sustainable maritime  logistics.

This sets the foundation for an in-depth analysis of 
how smart green  ports can certainly be part of this 
solution regarding maritime climate change. The 
adoption of best practices in ports and technologies 
that are state-of-the-art will result in a reduction by 
an order of magnitude or more, not just in ecological 
footprints but also increase resistance to disaster 
events as well as raise  operational efficiency. The 
next sections describe the methods used in detail, 
with representative findings from case studies 
and then  first-order direct implications for policy 
prevention in maritime.

2.	 Literature Review

Ports are major contributors to greenhouse 
gas emissions and other pollutants through 
operational activities. The existing body of literature 
demonstrates that emissions from ports are an 
important component of the maritime sector’s 
overall environmental burden (Notteboom et 
al., 2020a). The utilization of smart technologies, 
including the Internet of Things, promises a good 
solution in the efforts to mitigate such impacts, 
enabling the monitoring and better management 
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of emissions (Tremblay et al., 2024). Sustainable 
port development  considers an equilibrium 
of three basic aspects: environmental care, 
economic health, and social responsibility. In line 
with global sustainability initiatives, most of the 
recent literature encourages  the  harmonization of  
port  development with international agreements 
and conventions, for example, the United Nations 
Sustainable Development Goals (Alamoush, 
Ballini and Dalaklis, 2021). Smart green ports 
are an exemplar in this direction because IoT 
technologies help improve their sustainability, 
covering aspects like energy efficiency, waste 
minimization, and stakeholders’ engagement in 
decision-making (Alzate et al., 2024). Examples of 
IoT technologies applied in ports across the world 
have been  documented in multiple case studies. 
For instance, the Port of Rotterdam has fitted 
sensor systems to the port to realize smart logistics 
systems that  yield a transparent overview of real-
time movements of cargo and resource utilization. 
(Berlin & Eriksson, 2020). Serving as strategic 
case  studies on how other ports can navigate 
sustainability through innovation that aligns with 
decarbonizing their transition.        

Although IoT Technologies Provides Essential 
Benefits for the Sustainable Improvement  of 
Ports, There Are Challenges. High implementation 
costs, data security issues, and the necessity 
for a strong regulatory  framework to underpin 
smart port initiatives are among them (Housni 
et al., 2022). If the full potential of IoT is to be 
realized  to drive sustainability forward in the 
maritime sector, overcoming these barriers will be 
paramount.” Finally, to address the current gaps 
in the literature, future research is encouraged 
to  be more theory-driven and/or assess the 
effects and advantages of IoT applications in 
various port environments and fields (Saraswati & 
Wirawan, 2024). A cross-world perspective would 
certainly help to better  understand the role of local 
conditions in the adoption and implementation 
of smart technologies. Moreover, on top of that, 
the study can also reflect on how the joint efforts 
of stakeholders  contribute to the success of IoT 
integration in a port environment. According 
to the literature, IoT technologies contribute 
significantly to port sustainability owing to their 
unique functionalities in operational efficiency and 
environmental  management. Given the pressures 
to be more sustainable in the management of 
ports, the use of Intelligent technologies  must play 

a pivotal role in meeting the challenge of long-term 
sustainability. (Karagkouni & Boile, 2024). Further 
research is needed to address current challenges 
and investigate innovative solutions that can drive 
the maritime industry toward sustainability.

Understanding environmental knowledge (EK) 
is important from  the perspective of port users 
and stakeholders’ preparedness and conduct in 
the seaport environment. Having a better  level 
of environmental awareness leads to a stronger 
commitment towards sustainability from port 
authorities, operators, and users. For instance, 
individuals who are better informed about 
environmental issues tend to worry more about 
what their  effects are and the changes they should 
make, such as greener initiatives in their enterprises, 
minimizing waste, and conserving energy (Satta et 
al., 2024). The importance of EK lies in its potential 
to foster a culture of environmental  stewardship 
among communities that inhabit the area 
surrounding seaports (Bayotas, 2024). In fact, the 
willingness of people and or organizations to operate 
in an environmentally friendly manner in the port’s 
activities is determined by their attitude towards 
environmental behavior (EB) practices. It has been 
observed that a more supportive attitude towards 
the initiatives has yielded a higher involvement in 
the ports’ sustainability programs (Kearney et al., 
2019). Apprehending how EB arises and is driven 
by EK will help Port authorities formulate active 
campaigns to educate different stakeholders 
toward performing within sustainable parameters 
(Oruc, 2022). The geographical area of North 
African countries (NAC) represents the regional 
level context for aiming towards operational 
sustainability in marine ports. Nations of NAC were 
mentioned as gross CO2 emitting countries as a 
result of their seaborne trade. Given that NAC is a 
major player in international commercial shipping 
lanes, bettering the environmental performance 
of its maritime ports would be necessary for the 
purposes of reducing climate change effects and 
pursuing global sustainability goals. (Ayesu, 2023).

The link between EK and EB is well-known in the 
literature regarding sea-related activities. Ahmed 
et al. (2023) analyze the extent of the impacts that EK 
has on EB by considering various mediating factors, 
arguing that greater EK makes seaport users more 
inclined to practice environmental behaviors. Eid 
et al. (2024) further suggest the case for EA. Thus, 
advertising becomes a tactical instrument that 
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sensitizes port users to adopt more environmentally 
friendly tendencies. EA Initiatives aimed at specific 
portions of the affected community can raise 
awareness of the environmental implications of 
seaport activities and encourage the affected 
parties to adopt and develop eco-friendly practices 
(Rajesh, 2023). The nature of EA to elicit change 
in environmental behavior (EB), with respect to 
the given stakeholders at seaports, is of profound 
importance for Eid et al. (2024). Environmental 
advertising is an effective communication medium 
that promotes environmentally friendly behaviors 
among the users of the ports. Many similar case 
studies have been documented, indicating success 
stories of sustainability interventions at seaports 
around the world. For instance, the Port of Rotterdam 
has implemented a high level of logistics that 
includes smart facilities that have special tools that 
measure resource use and levels of emissions. The 
impacts generated from such strategies may be 
regarded as best practices for other seaports that 
are interested in making shifts towards sustainable 
transitions. (Port of Rotterdam Authority, 2020). 

The literature review shows that the involvement 
of the community is vital in the planning and 
execution of smart green initiatives in the port 
regions. Stakeholder involvement is useful in making 
sure that sustainable initiatives are implemented to 
suit the particular needs of the community; there is 
also appreciation by stakeholders of the outcomes 
regarding environmental matters. Partnering 
approaches are useful to improve decision-making 
and ensure that residents of the port cities support 
measures towards sustainability (Su et al., 2024). 
According to the literature, increased stakeholder 
interaction might serve as a rich source of 
information on environmental protection between 
public organizations and institutions and their 
counterparts in the private sector. Besides, such 
an approach, based on collaboration with other 
sectors, is vital to address a range of challenging 
issues (Goniewicz et al., 2025).

In port operations, AI deployment seems to have 
promising potential in terms of concerns such as fuel 
efficiency and predictive maintenance. Based on 
this, logistics optimization can be achieved through 
big data analyses in the context of operations 
to identify some patterns that enhance general 
operations and reduce emission levels, thereby 
cutting costs on operations (Dinh et al., 2024). 
Therefore, as noted in the literature, communities 

need to be engaged in the implementation of 
smart green initiatives in the port areas. Getting 
direct involvement from stakeholders within a 
specific region ensures that sustainability solutions 
being implemented are relevant to the people’s 
needs while, at the same time, ensuring that results 
are owned. A clear link is established between the 
literature review and the research question: By 
answering the following research question, this study 
aims to understand how smart technologies for the 
ports’ operations help to cause improvements in 
sustainability that decrease the effects of climate 
change: The integration of smart technologies into 
ports will improve sustainability through increasing 
the efficiency of and decreased environmental 
impact on these operations, as well as incorporating 
all stakeholders into the system (Bougioukou, 
2023a). Focusing the analysis on technological 
integration, sustainability actions, and community 
involvement, the review of literature establishes 
the body of knowledge to underpin how smart 
green ports contribute to the fight against climate 
change. Findings in other papers demonstrate that 
new technologies assist not only with relieving the 
complexities of port logistics but are also critical for 
most global sustainable development objectives 
(Xiao et al., 2024).      

Despite an impressive corpus of research related to 
smart green ports and how to bring sustainability 
to the maritime sector, there is a range of research 
gaps that deserve additional study. One gap 
pertains to the lack of studies tracking the long-
term effects of smart technologies on both port 
operations and associated sustainability outcomes 
over time (Bougioukou, 2023a). Most of the 
literature discusses only immediate benefits and 
case studies that may be insufficient to represent 
evolving processes of technology integration 
and sustained effects within a longer period. 
This further narrows the understanding of smart 
green initiatives’ potential for adaptation to the 
challenges thrown up by changing environmental 
conditions and regulatory frameworks. Secondly, 
more comparisons need to be done in a diverse 
set of geographical locations. Most research has 
specific case studies, such as only Europe or North 
America, which may not always generalize into the 
context of either developing region ports or different 
regulatory settings. Harnessing local contexts in 
relation to how they shape both implementation 
and effectiveness involves building tailored 
strategies that apply universally.
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Besides, while community engagement is very 
often mentioned as a key factor for successful 
implementation, there is a limited exploration of 
how different levels of stakeholder involvement 
affect the success of sustainability initiatives 
(Katemliadis & Markatos, 2021). Research often does 
not delve  into   the social  dynamics  at   play  within 
port communities, which may have an important 
impact on public acceptance and support of smart 
technologies. Literature, though voluminous, also 
focuses on technical solutions with scant references 
related to socio-economic outcomes from the 
transition to smart green ports (Bougioukou, 
2023a). While gains are registered with regard  
to  environmental improvements, there is less 
attention on how such transitions impact the local 
economy and employment patterns, especially in 
communities largely dependent on traditional port 
activities. In this context, there is still a considerable 
scarcity of integrated and thorough frameworks 
that assess the impact in social, economic, and 
environmental dimensions of the smart green 
port initiatives. It would thus contribute to a better 
comprehension of the overall effectiveness of 
smart green ports and the best practices in 
integrating technology with sustainable practices 
(Su et al., 2024a). Future research will hopefully fill 
these gaps and further strengthen the discourse 
on smart green ports and their contribution to the 
sustainable development of the maritime industry. 
Longitudinal studies, comparative analysis, 
community dynamics, socio-economic impacts, 
and comprehensive assessment frameworks for 
bringing into light, nuanced perspectives on which 
smart technologies could well be deployed for 
enhanced sustainability performance in diverse 
port settings are what scholars will focus on.

There are various methodological approaches 
and findings found in the research on smart green 
ports; thus, an integrated framework is necessary 
to evaluate how smart green ports can  make 
progress toward sustainability and operational 
efficiency. Previous research has mainly relied on 
case study  approaches, quantitative analyses, 
and literature reviews, which, while each provides 
valuable insights uniquely, fail to guarantee a 
holistic perspective.

Case studies approaches have offered useful 
insights into the successful enactments  of smart 
technologies at the ports of Rotterdam and 
Singapore. These studies by Alamoush et al. (2022) 

are often informative, yet their replication across 
different geographic and economic contexts  is 
limited. The current study overcomes such a 
limitation by conducting a comparative analysis 
drawing on different global ports which allows for 
a better contextual account of what differences 
contribute to smart  green port evolution (Alamoush 
et al., 2022). Quantitative analyses, exemplified by 
Yu et al. (2023), have utilized statistical methods to 
measure reductions in greenhouse gas emissions 
resulting from IoT implementations. However, 
these studies frequently focus on isolated metrics 
rather than holistic sustainability outcomes. In 
contrast, our research employs a mixed-methods 
approach, combining quantitative analysis of 
environmental and economic indicators with 
qualitative stakeholder interviews, thus providing 
a more comprehensive understanding of smart 
green port impacts (Yu et al., 2023). Literature 
reviews,  exemplified by Notteboom et al. (2020) as 
well, have consolidated the existing  knowledge on 
smart port technologies. Although comprehensive, 
most of these reviews do not produce  new 
empirical data. While much effort has been put into 
synthesizing travel-based literature on the subject, 
the present study is unique  in that it also captures 
primary research at multiple ports around the 
world, contributing new findings to the discourse 
(Notteboom et al., 2020).

Stakeholder   engagement   has   been recognized 
as an important factor in the development of 
sustainable solutions like smart  green ports, yet 
research on stakeholder engagement has proved 
to be limited. Housni et al. (2022) interviewed port 
authorities to identify opportunities to address 
barriers   to    smart    technology     adoption,   gaining 
useful    insights    that     may not      reflect     the 
perspectives of other stakeholder groups.  Research 
Design:  Sustainability  Initiatives Our research 
seeks to fill the gap by involving a wider circle of 
stakeholders, such as local communities  and 
industry partners, to gain a more integrated 
perspective of the social aspects of sustainability 
projects(Housni et al., 2022). Researchers Ahmed 
et al (2025) have studied the dimensions of 
EK  and EB in port operations.  The results of the 
study indicate that a higher level of EK among 
the  ports’ stakeholders is associated with a greater 
commitment to sustainability initiatives. To build 
on this, our study investigates the precedent EK 
and Eb have for the practical implementation of 
smart green technologies when the ports are seen 
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as a broad context (Kurniawan et al., 2025). As for 
technological focus,  prior research on this element 
has mostly examined singular technologies, 
namely IoT or AI. For instance, Clemente et al. 
(2023), in addition to AI applications relating to 
fuel optimization and predictive  maintenance. In 
contrast, our study adopts a hybrid perspective that 
investigates not only the use of single technology 
in  the context of port sustainability and efficiency 
but also the synergies that result from combining 
them.

The  emergence  of   smart   green   technologies 
in small ports and developing countries is being 
hampered by various  challenges, mainly financial 
and technical. Nonetheless, there are various 
tactics that may be employed to overcome these 
challenges and promote a more sustainable 
and efficient operation within  the port. This 
financial  barrier can be considered if innovative 
funding mechanisms and public-private 
partnerships are deployed. Debt-for-climate 
swaps, as practiced in Small Island Developing 
States (SIDS)  and Least Developed Countries 
(LDCs), hold the potential for funding sustainable 
port projects. Such financial  tools will allow us 
to turn debt burdens into opportunities to fund 
critical environmental initiatives. Also, targeted 
subsidies and tax incentives by governments 
could encourage investment in smart green 
technologies, as displayed in Pakistan through 
the  renewable energy sector (Imafidon et al., 2024). 
Knowledge transfer and capacity building are vital 
in overcoming technical  hurdles. Port partnerships 
with ports  in developing countries can lead to the 
sharing of knowledge and best practices. Different 
approaches use a sensor system for the application 
of smart logistics based on the experience of the 
Port of Rotterdam as a model for smaller ports,  for 
example (Ahmad et al., 2024).

In addition, training programs for port employees 
must be a priority to ensure the proper operation 
and maintenance of  the new technologies⁴. 
Taking a phased approach when implementing 
various technologies can help with their costs 
and technical complexities, especially for Port 
Authorities operating smaller  ports. A gradual 
approach, from basic IoT-enabled devices  for 
monitoring and data collection to more complex, 
AI-driven systems, can help in adapting and 
learning (Funda, 2024). This strategy also allows 
ports to showcase rapid wins that will help bring 
in more funding to support  continued iterations. 

Smart green initiatives do not need to be out of 
reach for ports of limited means: harnessing the 
resources and technologies available in the local 
market can  render such initiatives more easily 
achievable. For instance, sourcing local  materials 
for sustainable infrastructure development may 
save on costs but help local economies(Kumar et 
al., 2019).

Similarly, context-specific low-cost smart systems 
can be developed  without incurring huge 
costs³. Smaller regional ports can  pool together 
cooperation and form economies of scale to 
be effective with the advent of technology. 
Ports can collaboratively invest in state-of-the-
art technologies that  would be economically 
unattainable if it’s only confined to one property by 
means of consolidating assets and infrastructure 
sharing (Chien et al., 2021).

Finally, the literature on smart green ports, as it 
pertains to climate change threats, has witnessed 
a rapid evolution away from a mainly European-
centric viewpoint (and only in European ports) 
and towards a more global outlook incorporating 
third-world countries. This broader perspective 
provides insight into the adoption of sustainable 
port practices and their effectiveness in a 
wider  geographical and economic scope. This is 
particularly true in developing countries, where 
enabling smart green port initiatives comes with 
its  own set of challenges and opportunities. 
Although interest in  the implementation of smart 
technologies and sustainable practices is high, 
Ports in both developing and developed nations 
will face barriers to transitioning to the smart port 
paradigm, including lack of financial resources, 
lack of infrastructure, and lack of technical know-
how, to name a few.  These    findings  highlight   the  
importance of context-specific smart green port 
development strategies that  reflect the unique 
constraints and opportunities faced by developing 
economies   (Othman et al.,  2022).  Recently, a  concept 
in relation to sustainability, ecological knowledge 
(EK), has received great attention in determining 
port stakeholders’ attitudes and behaviors towards 
sustainability. By implementing this in NAC, the 
study revealed that the more EK port authorities, 
operators, and users reported, the more committed 
they were to sustainable  practices. It can also be 
used for education and awareness facilitation to 
enhance the environmental stewardship culture 
of  developing port communities.
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New financing  mechanisms are being considered 
to address funding challenges related to developing 
sustainable port  projects. A recent study that 
focuses on the role of debt-for-climate swaps in 
Small Island Developing States (SIDS) and  Least 
Developed Countries (LDCs) finds that these 
financial tools can be redirected towards key port-
related wastewater infrastructure projects (Elmahdi 
& Jeong, 2024). This approach has  great potential 
to transform a debt burden into an opportunity for 
sustainable development and climate resilience. 
It demonstrates that all the smart technologies 
being integrated into port operations are not 
only increasing efficiency but also contributing 
to  climate change mitigation plans. A study 
conducted through the Da Nang port in Vietnam 
has emphasized how the installation of  Internet 
of Things (IoT) machines and artificial intelligence 
can result in significant reductions in energy 
consumption and greenhouse gas increase. The 
results  provide insight into how smart technology 
in port settings helps tackle operational and 
environmental challenges in diverse geographical 
contexts in the maritime industry (Junaidi, 2024).

Community engagement has, therefore,  shown 
to be essential for the effective execution of 
projects embraced under the smart green port 
framework in developing countries. A study from 
the Eastern Economic Corridor (EEC) in Thailand 
determined that the early engagement of local 
stakeholders in the planning and implementation 
of sustainability projects is  crucial (Sankla & 
Muangpan, 2022). This participatory  solution 
guarantees that port development meets the 
community’s needs while retaining ownership over 
the environmental results. Adaptive capacity is a 
concept that is receiving more and more attention 
in the discourse on sustainable port development 
in developing  countries in the context of climate 
change. Studies conducted in different nations 
in Africa and Asia indicate that measures to build 
resilience not only need to  be community-based 
but also gender-sensitive. Taking this approach 
into account, it emphasizes the significant 
potential of social and cultural dimensions in 
the design and  implementation of smart green 
port efforts (Dev & Manalo, 2023). Therefore, the 
literature review highlights the challenges and 
unique  solutions to the development of smart 
green ports in developing regions to enhance the 
understanding of the subject’s contributions at the 
broader context level. This is an emerging area, 

and research is still developing. It should provide 
useful insights that could inform more effective 
and equitable strategies for sustainable  port 
development globally.

The literature review sets a critical foundation 
for understanding the integration of advanced 
technologies and sustainable practices within port 
operations in this research paper. It synthesizes 
existing research on smart green ports, climate 
change, and sustainable maritime logistics, linking 
to the research question and proposition effectively. 
The literature has underlined how environmental 
knowledge, attitude, and behavior are all intertwined 
to ensure sustainability in seaport operations. 
The findings bring to light the importance of EK 
in influencing EB among port stakeholders and 
mention the impact of fostering eco-friendly 
practices. Furthermore, specific challenges faced 
by NAC require focused research and interventions 
to improve sustainability at seaports.

2.1.	 Gap Analysis 

The review of the literature on smart green ports 
and climate change challenges identifies  several 
important gaps that deserve further studies:

•	 Long-term impact assessments are mostly 
ignored: Most studies consider immediate 
advantages and  conduct case studies 
over short periods. Additionally, despite the 
increasing interest in smart technologies 
and their transitory utilization in port settings, 
there is a lack of longitudinal  studies 
assessing the long-term impacts of those 
smart technologies within the context of port 
systems and their environmental  implications.

•	 Geographic diversity: Most research  is 
focused on ports located in developed regions, 
such as Europe or North America. As a result, 
a considerable gap in  knowledge is created 
regarding the effective implementation of 
smart green port concepts tailored to specific 
interests in various geographical, economic, 
and regulatory contexts, particularly in 
developing regions.

•	 Intra-stakeholder interactions: Although 
community engagement is commonly 
cited as critical, the complexities of  the 
interplay among different stakeholders in 



10
http://apc.aast.edu

h t t p : / / d x . d o i . o r g / 1 0 . 2 1 6 2 2 / M A C I . 2 0 2 5 . 0 2 . 1 . 1 1 6 2  J o u r n a l  o f  M u l t i d i s c i p l i n a r y  A d a p t i v e  C l i m a t e  I n s i g h t s
(  M A C I  )  V o l u m e  2 ,  I s s u e  1 ,  J u n e  2 0 2 5  -  I S S N  3 0 0 9 - 6 3 3 2 

deploying smart green initiatives are rarely 
explored. What varying degrees and forms 
of stakeholder engagement influence the 
success and sustainability of such projects 
has  not been sufficiently analyzed in the 
literature.

•	 Socio-economic impacts: Existing studies 
focus a lot on technological solutions and 
environmental payoff, while much less is 
said about the socio-economic impacts of 
the  transition towards smart green ports. 
How these transitions affect local economies, 
employment patterns, and community 
structures, particularly in areas that have 
long  depended upon traditional port 
activities, is less well understood.

•	 Integrated assessment frameworks:  There 
is no overarching framework that integrates 
the evaluation of environmental, economic, 
and social dimensions of a smart green 
port initiative. This gap limits the ability to 
effectively assess and compare the overall 
effect and success of diverse strategies 
across a range of  port contexts.

•	 Technology integration challenges: There 
are many potential applications for innovative 
technologies such as IoT, AI, and blockchain 
across port sectors, but insufficient research 
exists about the practical challenges of their 
integration into existing port infrastructure 
(particularly in older, resource-constrained 
ports).

•	 Policy  and regulatory analysis: There is a 
substantial gap in the literature that focuses 
on the effectiveness of existing policies and 
regulations in speeding up the transition 
to smart green ports. There is a noticeable 
limited number of studies that examine the 
interrelationships between  the emergence of 
new technologies, environmental regulations, 
and port governance.

•	 Lack of studies addressing resilience 
and adaptability: It remains unclear what 
contribution successful smart green port 
initiatives make to the overall port resilience 
context, particularly in a world of increasing 
climate catastrophe risk and ongoing  rapid 
technological change.

•	 Lack of standards and protocols: While smart 
green port technologies hold promise for 
improving port efficiency and sustainability, 
there is a lack of research on the development 
of standards and protocols needed for 
these technologies to work together in an 
interoperable and scalable manner across 
diverse port systems  globally.

•	 Challenges, on the one hand, qualitative 
benefits are discussed from smart green 
initiatives in ports. On the other hand, there 
is a lack of strong quantitative metrics and 
methodologies for precise measurement 
of environmental benefits and operational 
benefits coming out  due to smart green 
initiatives in ports.

3.	 Methodology 

In the methodology section of the research, there 
is a broad and varied approach to researching 
how port operations can be made more 
sustainable through the integration of intelligent 
technologies. The document details the systematic 
approaches employed for data collection and 
analysis while establishing connections to other 
aspects of the research, such as the literature and 
outcomes. And conclusions. Both qualitative and 
quantitative methods will be utilized in a mixed-
methods approach. This design aims to provide 
comprehensive insights into discussing the use 
of smart information technology in port  activities 
and their potential impacts on sustainability. 
The  method structure is as follows: 

Literature Review: Conducting a broad review 
of research papers, industry reports, and  case 
studies on smart green ports and climate change. 
This preliminary study serves to ascertain what 
is currently being done, emerging technologies 
utilized, and challenges encountered within 
the  maritime domain. This literature review provides 
the background needed for the research question 
by  identifying the critical barriers to understanding 
how smart technologies may promote port 
sustainability (Notteboom et al., 2020; Alamoush et 
al., 2021). A Case Study Analysis: This study  analyzed 
several research papers and discussed major 
existing smart green ports in the world. Both case 
studies support the effective use of technology with 
sustainability practices, as well  as provide insight 
as to how to implement smart technologies into 
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port operating practices (Clemente et al., 2023). 
The study will analyze these real-world cases in 
order to showcase how specific technologies are 
able to deliver both efficient developments and, 
at  the same time, environmental results. This will be 
underpinned by both quantitative and  qualitative 
data collection methods. Quantitative data would 
focus on metrics related to economic performance, 
emissions,  and energy use. Hence, this knowledge 
is important for analyzing the impact of smart 
technologies  on the performance of the port from 
an environmental dimension. 

Comparative Analysis of Global Ports: Smart 
Green Initiatives and Climate Change

This analysis measures the smart green 
initiatives, productivity, efficiency, and climate 
change  mitigation strategies taken by ten of the 
world’s major ports.

Selected Ports Comparison

•	 Port of Rotterdam (Netherlands)                       
•	 Port of Singapore (Singapore)
•	 Port of Los Angeles (USA)                               
•	 Port of Hamburg (Germany)
•	 Port of Dubai (UAE)                                         
•	 Port of Jeddah (Saudi Arabia)
•	 Port of Shanghai (China)                                   
•	 Port of Antwerp (Belgium)
•	 Port of Busan (South Korea)                             
•	 Port of Valencia (Spain)

3.1.	 Key Metrics and Characteristics

The following table outlines key metrics and 
characteristics related to smart green initiatives, 
productivity, efficiency, and climate change 
strategies for each port. 

Table 1: key metrics and characteristics associated with smart green initiatives, productivity, efficiency, and strategies for 
addressing climate change

Port TEU Capacity Green Initiatives Productivity Metrics Climate Change 
Strategies

Port of Rotterdam 14,000,000 Wind energy, solar 
panels

12 million TEUs annually 20% reduction in CO2 
by 2025

Port of Singapore 37,000,000 Automated systems, 
electric vehicles

36 million TEUs annually Zero emissions target 
by 2030

Port of Los Angeles 9,000,000 Emission reduction 
programs

9 million TEUs annually 30% reduction in 
emissions by 2025

Port of Hamburg 9,000,000 Sustainable logistics 9 million TEUs annually 50% reduction in 
emissions by 2025

Port of Dubai 15,000,000 Smart port technologies 14 million TEUs annually Comprehensive 
sustainability plan

Port of Jeddah 7,500,000 Renewable energy 
projects

6 million TEUs annually Climate Action Plan 
Targeting Emissions

Port of Shanghai 43,000,000 Eco-friendly practices 40 million TEUs annually Green port initiatives for 
emission cuts

Port of Antwerp 11,500,000 Circular economy 
initiatives

11 million TEUs annually Climate adaptation 
strategies

Port of Busan 21,000,000 Green technology 
adoption

20 million TEUs annually Climate resilience 
projects

Port of Valencia 5,500,000 Environmental 
management systems

5 million TEUs annually Commitment to 
reducing carbon 
footprint

In the study of the comparative analysis of global 
ports as smart green initiatives and climate 
change, a number of important criteria were used 
to determine which will be the specific ports of 

interest for comparative analysis to maximize the 
robustness and relevance of the findings of this 
research:
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•	 A Geographic Spread: The selected ports 
span much of the globe, from Europe 
(Rotterdam, Hamburg,  Antwerp, Valencia) 
and Asia (Singapore, Shanghai, Busan) to 
North America (Los Angeles) and the Middle 
East (Dubai, Jeddah). Such heterogeneity 
allows for an in-depth exploration of the 
ways these smart green initiatives are being 
deployed in different regional contexts, 
regulatory  regimes, and ecological 
challenges.

•	 Four of the selected ports are among 
the  busiest and most economically 
important in the world. The Port of Shanghai 
and the Port of Singapore,  for example, 
consistently rank among the top global 
container ports in terms of TEU capacity. 
Including these in our research gives us an 
idea of how both  large-scale maritime ports 
are tackling sustainability challenges without 
compromising high volumes of operation.

•	 Technological Advancement: Many 
ports  across the globe like Rotterdam and 
Singapore are known for innovating and 
establishing cutting-edge technologies. 
Including these provides an opportunity 
to examine best practices and innovative 
solutions for  port sustainability.

•	 Environmental Leadership: Many of the 
selected ports, like Los Angeles and Hamburg, 
have been leaders in environmental efforts 
in  the maritime world. The selection allows 
the study to  review successful emissions 
reduction and environmental management 
strategies.

•	 Representation from the Arab and Middle 
East Regions: The inclusion of ports such 
as Jeddah and Dubai ensures that the 
study  takes into account the unique 
challenges and opportunities faced by ports 
in the Arab and Middle East regions, providing 
a more balanced global perspective.

•	 Data Availability: These ports were selected 
because they also have relatively complete 
and high-quality datasets on their own 
sustainability efforts, emissions, and other 
operational metrics, which is a prerequisite 
for a robust comparative assessment. 

•	 Port Represents Scale Variation: The ports 
range in size and capacity from mega-
ports such as Shanghai to smaller ports of 
significance  like Valencia. This spectrum 
provides an opportunity to further analyze 
at what level smart green initiatives are 
being  implemented and how effective they 
are at scale.

•	 However,   some of the selected ports,  
including Rotterdam and  Singapore, are 
located in areas that are extremely vulnerable 
to climate change effects, such as sea-level 
rise. They can provide insights useful  for 
climate adaptation through port operation 
strategies. 

The ports have been chosen in such a way that it 
ensures a broad analysis of smart green initiatives 
worldwide in the maritime sector at different levels 
of operations, availability of  technology, and the 
environmental context.         

The transition of the marine industry has expedited 
the integration of smart green port concepts in 
addressing  challenges driven by climate change. 
This evolution integrates advanced technologies 
with sustainable practices to  improve operational 
efficiency while reducing environmental footprints 
(Oloruntobi et al., 2023). Leveraging technologies 
ranging from the Internet of Things to artificial 
intelligence to geospatial tools to optimize every 
touchpoint of port  operation, the Smart Green 
Ports will be better for their surroundings. These 
solutions allow real-time monitoring of vessel traffic, 
better berth allocation, and effective tracking of 
air and water quality.    (Ibrahim et al., 2024). The 
implementation of these systems allows ports to 
increase their efficiency, reduce delays, and ensure 
greater safety. Using AI in predictive analytics,  for 
instance, enables a port to foresee congestion, 
resulting in better resource utilization (Dinh et al., 
2024).

Renewable energy conversion  is the second most 
important factor impacting the trend towards 
smart green ports. This includes ports investing 
in  renewable energy sources like solar and wind 
power to reduce their dependence on fossil fuels 
(Clemente et al., 2023). The results of these shifts 
are the lower greenhouse gas emissions that allow 
countries to fulfill  their international sustainability 
obligations. The Port of Rotterdam has significantly 
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invested in renewable energy infrastructure, which 
has resulted  in sustainable operations (Schneider 
et al., 2020). In the design and construction of port 
infrastructures, there is now an increasingly strong 
attention to  sustainability alongside technological 
progression (Satta et al., 2024).  This  entails the use of 
sustainable materials and energy-efficient systems 
which reduce waste and resource consumption. 
Focusing on such sustainable infrastructure 
development is essential for allowing the ports to 
operate efficiently  and  minimizing their ecological 
footprint (Issa Zadeh, López Gutiérrez et al., 2023).  
TEU (Bougioukou, 2023). The productivity of smart 
green  ports is   measured  by  the  throughput  in 
terms of a unit called TEU. Productivity in smart  ports 
is generally increased owing to better resource 
utilization and the automation of operations. Such 
smart systems in logistics, for instance, automate 
cargo handling, increasing loading  and unloading 
rates by 3 to 4 times and reducing turn around 
times of vessels (Min, 2022). 

Mitigation  of climate change is entwined with 
smart green port activities. Many ports have 
set  targets for emissions reductions, and some 
have very ambitious targets that reflect their 
commitment to sustainability (Alzate et al., 2024). 
Through various clean air initiatives, the Los 
Angeles Port aims  to reduce emissions by 30% by 
2025. Estuary water quality and climate resilience 
planning are now front and center for the port while 
tides and  extreme weather become harsher in the 
future. This includes spending on flood defenses 
and sustainable drainage  systems (Densberger & 
Bachkar, 2022). 

Proposed are  systematic  methods and frameworks 
for longitudinal measuring, assessing, and analyzing 
the environmental, economic, and operational 
effects of smart green port technologies state of 
the art for varying geographic areas and maritime 
environments:

•	 Different contexts, long-term effects of 
smart green ports technologies: assessment 
of monitoring and evaluating the long-
term work and impact of smart green ports 
technologies.

•	 Case studies: Rich, in-depth qualitative 
data analysis over time from multiple sites 
can show various transitional routes in 
the transformation of smart green port 
implementations.

•	 Adopt a longitudinal multi-site case study 
approach to follow the evolution of smart 
green port initiatives over the years  (5 
years - 10 years) across geographically 
dispersed ports. Moreover, this permits a 
thorough examination of contextual factors 
that  moderate the adoption and impact of 
technology. Identify a subset of ports across 
developed and developing areas, taking 
into account factors  like port size, cargo 
nature, and regulation. Data  collection 
intervals (e.g., annually) to monitor progress 
in environmental, economic, and operational 
metrics.

•	 A single framework for conducting an 
integrated sustainability assessment of port 
operations. This framework must nonetheless 
encompass performance metrics that 
cover greenhouse gases, energy efficiency, 
operational productivity, economic 
viability, and  community impact. Leverage  
standardized measurement protocols to 
enable comparability across different port 
contexts. Dr J Bangalore of WSP in Australia 
added  that the  framework  could be based  on 
existing models, such as the Global Reporting 
Initiative (GRI), but requirements would be 
coast-specific for maritime operations 
(Bazaras et al., 2017).

•	 Life Cycle Assessment  (LCA) and 
Cost-Benefit Analysis: Use Life Cycle 
Assessment methodologies to assess the 
environmental  impacts of smart green port 
technologies throughout their entire life 
cycles⁴. Alongside this,  conduct thorough 
cost-benefit analyses that include upfront 
costs of implementation over a short time 
frame, as well as long-term economic 
impacts, which may include less pollution or 
better public health outcomes, the latter of 
which may also itself save money long-term 
(Ibrahim et al., 2024a).

•	 Integration of Big Data  Analytics and IoT: 
Utilize big data analytics and Internet of Things 
(IoT) technologies to gather and analyze real-
time  data on port operations, environmental 
conditions, and energy consumption. Building 
predictive models to understand long-term 
trends  and what can be improved by doing 
so allows for performance and technology 
assessment to dynamically inform data-
driven decision-making (Reis et al., 2014). 
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•	 Stakeholder Engagement  and Participatory 
Assessment: Adopt a participatory 
assessment methodology that involves 
multiple stakeholders, such as port  authorities, 
shipping companies, local communities, 
and environmental organizations⁷. Mixed-
method approaches leverage the strengths 
of quantitative data analysis with stakeholder 
interviews and focus groups to gain 
qualitative  insights. This will provide a well-
rounded view of the impacts and challenges 
faced when  implementing smart green port 
initiatives (Carvalho et al., 2016). 

•	 Adaptive management: A framework 
for  action establishes a dynamic 
management   system   that   promotes 
constant learning and fine-tuning of 
smart  green port strategies based on 
the outcomes of ongoing monitoring and 
evaluation⁸. This, in turn, allows  for agile 
and adaptive responses to evolving port 
environments and technological changes 
(Buticchi et al., 2022).

•	 Comparative Policy Analysis: Systematic 
comparative  policy  analysis   through 
examining the effect of different regulatory 
arrangements and incentive settings in 
the promotion of smart green ports across 
jurisdictions. Such analysis can support 
policy  recommendations and highlight best 
practices for enabling environments for 
sustainable port development.  

•	 Business Input-Output Life Cycle: The 
assessment uses economic input-output life 
cycle assessment models to account for the 
wider economy and environmental impact 
of smart green port technologies beyond 
just the selected port  area. It can be  used 
to estimate indirect impacts on supply 
chains, regional economies, and global trade 
patterns.  

Combining these methodologies and frameworks 
will allow researchers and policymakers alike to 
get a holistic picture  of the long-term effects of 
smart green port technologies across various 
geographical and maritime settings. This holistic 

view allows us to make decisions based on evidence 
and contributes to the sustainable development of 
port facilities  around the globe.   

4.	 Case Studies

Innovative IoT use in logistics in  the  Port of  Rotterdam 
allows cargo operators to do so. Manage the uptake 
of overwhelming info required by their  systems in 
the first place. A comprehensive sensor network and 
digital twin concept are  a key part of their smart 
port initiative, providing real-time information about 
port operations and environmental conditions. The 
digital twin, a  virtual representation of the physical 
port infrastructure, assimilates information from 
more than 44,000 sensors placed around the 7.2 
square miles (18.5 square kilometers) of the port 
grounds, a 2.62-mile angle from the seashore. The 
sensors  monitor multiple parameters 24/7, from 
water and air quality to tide and berth availability. 
Such thorough collection of data fosters port 
authorities to  optimize vessel traffic, anticipate 
maintenance, and respond quickly to possible 
ecological disasters (Philipp, 2020). Hydro Drone in 
Port of Rotterdam, one of the most  original utilities 
in the IoT ecosystem of the Port of Rotterdam, is an 
autonomous underwater vehicle with multibeam 
echosounder surfaces. (Durlik et al., 2024b)This 
drone boat performs high-precision depth and 
port  infrastructure inspection and saves the time 
and money required for their execution. The Hydro 
Drone has been shown to slash survey time by  90% 
compared to traditional methods while increasing 
data accuracy by 40% (Philipp, 2020).

We have seen substantial improvements 
in  operational efficiency by implementing these 
smart technologies. For example, the digital twin-
based just-in-time arrival system cut the average 
waiting time of vessels by 20% to save 240 tons  of 
fuel each year and reduce CO2 emissions by 740 
tons a year (Philipp, 2020). Moreover, the smart 
energy management system in the port, which 
uses IoT data to improve power allocation, has 
led to a 25% decline in total energy  usage in 
warehouse operations (Lechtenböhmer et al., 2018). 
This means an estimated annual reduction of 
100,000 tons of CO2 emissions, contributing to the 
ambitious  sustainability targets the port has set 
(Meyer et al., 2023).
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Figure 1. Differentiating the digital twin levels

As illustrated in Fig. 1, a digital twin, as the seamless 
networking of the physical and the virtual objects 
in digital twins, represents how a twin, the latter, 
is characterized by their features. Therefore, the 
three interconnected domains of the physical, 
digital, and information compose the digital 
twin. Consequently, every digital twin includes an 
unspecified complexity model, the implications of 
which might be a hypostatic behavior of a twin’s 
physical system or function (Fuller et al., 2020).

This implementation brings life to IoT and increases 
safety and security  services as well. Safety incidents 
have  decreased by 35%, and response times to 
potential security threats have improved by 50%, 
thanks to real-time monitoring and predictive 
analytics (Gviliya & Kochurova, 2022). The Port of 
Rotterdam cites an up to 30 percent return on 
investment within three years through operational 
cost savings and throughput capacity gain despite 
the high initial investment in  such smart systems 
(Basulo-Ribeiro et al., 2024). The success of these 
initiatives has established Rotterdam as  a model 
for other ports looking to improve efficiency and 
sustainability through technological innovation.

Singapore     has        become        an          international 
frontrunner in smart green port technologies, 
especially AGVs and AI applications. 
Improvements  include rapidly advanced 
practices that have transformed container 
handling processes, resulting in lower carbon 
output and meeting the dual pillars of operational 
performance and environmental progress. 

Singapore’s container  terminals recently deployed 
AGVs, revolutionizing port operations. According to 
the past performance of these electric-powered 
containers, they have been proven to  be a more 
efficient method in handling large amounts of 
containers (Makhloufi, 2023). AGVs can work around 
the clock without rest, which further reduces lead 
times as less time is spent waiting around; AGV 
systems can be  tuned to spend less time idling, 
and the time spent moving containers through the 
port can be significantly optimized. AGVs have been 
responsible for significant reductions in carbon 
emission volumes  at an environmental level. More 
recently, a study at the Port of Singapore has  shown 
that AGVs use around 25% less energy compared to 
traditional diesel-powered equipment (Zhao et al., 
2024).

Consuming less energy  directly reduces 
greenhouse gas emissions at the port and 
contributes to climate change efforts. The 
electrification of this type of vehicle will further 
compound the environmental benefits in line 
with the significant growth of renewable energy 
sources powering port operations  in Singapore. 
The  individual benefits of AGVs for sustainability 
and productivity have been further enhanced by 
synergies with AI-based berth and yard planning. 
Thus, unproductive moves are avoided, saving 
both energy and cost, along with the deployment 
of advanced AI algorithms for optimizing berthing 
timings and stacking plans for the vessels 
to  maximize productivity. A comprehensive study 
of AI implementation at the Port of Singapore 
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reveals an increase in berth utilization by  15% and 
a decrease of 20% in yard rehandling operations 
(Sim et al., 2024). Such efficiencies improve 
productivity  but can also save energy and reduce 
emissions. An example of a smart green port is the 
Singapore port, where AGVs and AI technologies 
are combined in the port  facilities. Through such 
innovations, the port has  successfully addressed 
both operational excellence and climate change 
impact. Data-driven port management by IoT-
enabled AGVs allows AI to analyze port activity in 
real-time, making every decision that a port takes 
more informed than the previous one (Knoyskyy et 
al., 2023). As international trade volumes accelerate, 
Singapore’s experience in deploying AGVs and 
integrating AI offers timely lessons for ports globally 
seeking to enhance  their competitiveness and find 
solutions for climate change.                                                                                                              

The Port of Los Angeles’ Alternative Maritime Power 
(AMP, also known as cold ironing or shore-to-
ship power) program is an exciting leap forward 
in smart green port tech to reduce the impact of 
maritime operations  on climate change. AMP 
was  introduced in 2004 and quickly revolutionized 
preventing vessel emissions during port visits. The 
AMP program has been tremendously successful in 
reducing emissions of  in-port vessels. A 2019 study 
examining over 16 years of data concluded that the 
use of shore power at the Port of Los Angeles  has 
reduced air pollution. The use of AC shore power 
during a  24-hour docking can lead to an emission 
reduction of about 95% for auxiliary engines of a 
single container ship, according to the research. 
This equates to a reduction of 1 ton, 0.5 tons, and 0.03 
tons per day in NOx, SOx,  and particulate matter 
for each system-equipped vessel (Arunachalam 
et al.,2019). Air quality improvements before and 
after AMP implementation offer comparative 
evidence  of what AMP can achieve. According to a 
2015 report, between 2005 and 2014 alone, the use 
of AMP resulted in  reductions of 57%, 90%, and 26% 
in particulate matter emissions, sulfur oxides, and 
nitrogen oxides, respectively, from ocean-going 
vessels at the port (Cannon et al., 2015).

The AMP program is part of a broader smart green 
port concept that can  actively help mitigate the 
climate change challenge, and the success of the 
program supports that goal. This greatly reduces 
greenhouse gas emissions,  as this allows vessels 
to shut down their auxiliary engines and plug into 
the electrical grid while in a docked position. One 

recent estimate found the emissions reductions 
associated with a fully implemented shore power 
capability system at the Port of Los Angeles could 
amount to approximately 95,000 metric tons of 
CO2 equivalent emissions  reductions per year. 
Overall, the AMP scheme serves as a sound lesson 
to other ports globally on how  technology-driven 
development can be harnessed to reduce the 
environmental impact of port activity. The program 
expanded to  shore power at all of the port’s 
container terminals and its cruise terminal. As 
awareness of climate change continues  to grow 
and spill over into both policy and technological 
innovation in the maritime domain, the AMP 
program can demonstrate the ability of smart green 
port partnerships to reach global decarbonization 
goals with meaningful reductions of emissions and 
associated equity changes in the impacts of port 
emissions on vulnerable communities in the port of 
operation (Setyo et al., 2023). The program’s success 
underscores the potential for similar technologies 
to be deployed at a larger scale, all of which could 
play a role in a concerted  effort to lessen the 
climate footprint of waterborne trade (Lee et al., 
2022).      

Hamburg’s smartPORT is among the highest 
levels of intelligent traffic management systems 
(ITMS) integration with concerns of sustainability, 
thereby acting as a guideline for intelligent, green 
port strategies against climate change in all their 
ramifications. Advanced data analytics, IoT-enabled 
infrastructure, and real-time communication 
networks are used to reduce congestion and 
resultant emissions while operational efficiency 
improves in stages. This is in line with the focus 
of overall digital innovations on environmental 
stewardship, in accordance with global frameworks 
on climate mitigation, the Paris Agreement, and the 
IMO decarbonization goals.

ITMS at the Port utilizes sensor networks and 
machine-learning algorithms that optimize the 
flow of trucks, ships, and rail traffic. Using the Truck 
Parking Guidance System  as  one example, real-time 
data from GPS and in-road sensors are streamed 
to drivers to guide them to open truck parking slots. 
This reduces waste from idling by about 12% a year 
(Homayouni et al., 2024). Meanwhile, it introduces 
congestion-responsive traffic light management 
within the Port Road Management system, which 
cuts down average delays in major corridors by 30% 
and NOₓ emissions by 18%. Besides, such systems 
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use predictive analytics, usually foreseeing times of 
peak demand using historical and real-time data 
for the pre-deployment of resources in anticipation 
(Pham, 2023).

Through Hamburg’s smartPORT initiative, Hamburg 
showcases the power of intelligent technologies 
to not only improve port operations but also how 
they can lessen the burden of climate change. 
The port  has significantly improved congestion 
reduction and emissions mitigation through 
advanced traffic management systems. Intelligent 
traffic management is part of Hamburg’s smart 
port strategy, which uses real-time data analytics 
to improve the flow of vehicles within the  port 
area. The  system has also led to a 15%-decrease 
in traffic congestion along with a 12% drop in CO2 
emissions from port-related transport activities 
(between 2020 and 2024). The application of smart 
technologies in port environmental protection is 
shown by Hamburg in terms of the development 
of intelligent port greening applications, which 
are oriented towards greenhouse gas reduction 
in the port. It is actually the type of convergence 
power data that can bring about sustainable port 
development. Reliance on innovative technology is 
critical concerning environmental issues that the 
shipping industry grapples with.

As part of this study about smart green ports and 
greenhouse gas emissions  reduction in ports.

They conducted interviews with the design teams 
from September  to November 2024. We undertook 
25 semi-structured interviews with key informants 
involved  in port operations and management. The 
interviewees included:

•	 5 port authorities senior management 
(15+  years’ experience)

•	 4 middle-tier port operations managers (8-12 
years  of experience)

•	 3 environmental compliance officers  of 
major ports

•	 4 reps from  shipping companies that are 
based in ports

•	 4 officials from  the Maritime Transport & 
Logistics Sector

•	 3 researchers focused on  maritime logistics 
and sustainability

•	 3 reps of local  environmental NGOs

Interviews were aimed at collecting perspectives 
on the current state of smart green port initiatives, 
obstacles to implementation  , and views on climate 
change mitigation strategies. The main  items 
discussed included:

•	 Technological implementations (all existing 
and planned to improve port efficiency and 
reduce environmental  impact).

•	 Barriers to the adoption of smart green  port 
technologies

•	 Perceptions of the relationship between 
port operations and climate  Change by 
Stakeholders.

•	 Strategies in Current Practice and Potential 
Future Development for Mitigation 
of  Greenhouse Gas Emissions from Port 
Operations.

•	 Policy  and regulations in facilitating 
sustainable operations in ports.

•	 Potential areas of joint action between 
ports,  government agencies, and local 
communities to address climate change 
challenges.

The interviews we conducted allowed us to gain 
additional  qualitative insight that complemented 
our review of the literature and quantitative 
breakdown of the situation. Lessons learned from 
these dialogues have given substance to the 
challenges and opportunities that ports face  to 
become smarter and sustainable while responding 
to climate change.

The need for collaboration stakeholders will 
need to work together to create effective climate 
action plans that integrate  other sustainability 
goals. This will be  done in close engagement with 
local communities, government, and industry 
partners to help create well-rounded approaches 
to sustainability that balance economic drivers 
and environmental impacts. Green smart ports 
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are a global sectoral  response to the problem 
of climate change. These smart green ports 
integrate technology  and sustainable methods 
to enhance operational efficiency and contribute 
to global environmental mitigation initiatives. This 
commitment to sustainability will be vital moving 
forward  as   the   maritime   industry  continues 
to adapt and plentiful challenges remain  as 
society moves further away from the pandemic. 
Collaboration towards  common sustainability 
goals will become the pillar of this dynamic industry.

5.	 Discussion

Smart ports are about embracing smart 
technologies and sustainable practices in the way 
ports operate and represent a bigger trend toward 
an overall paradigm shift in the way that the 
maritime industry  is addressing challenges related 
to climate change. It is noteworthy that these 
findings from this specific study are of sufficient 
consistency and  importance that they merit 
providing additional explanation and context. First, 
according to some publications, the use of artificial 
intelligence (AI) and the Internet of Things (IoT) 
technology systems as part of smart green  ports 
has demonstrated substantial gains related to 
operational and environmental performances. For 
instance, the Port of Rotterdam has deployed a 
complete sensor network and digital twin concept 
that has provided  the waiting time for vessels a 
20% reduction and thus lower CO2 emissions. This 
echoes the findings of additional studies highlighting 
the innovative prospect of digitalizing technology 
to optimize port management and  reduce 
Greenhouse emissions (Su et al., 2024b).

However, transitioning to renewable energy in 
port operations becomes  crucial to fighting the 
climatic consequences. By reducing docked vessel 
emissions by 95%, for example, the Port of Los 
Angeles is due to  its Alternative Maritime Power 
(AMP) program (Ahmed et al., 2024). The steep 
decrease underscores how shore-to-ship power 
systems can address air-quality issues in port cities, 
a conclusion that bolsters broader research on  the 
environmental dividends of bringing electricity into 
maritime activities (Wang et al., 2024). Furthermore, 
the findings uncover  a nascent trend of systemic 
sustainability integration in port operations. Green 
infrastructure demonstrates how clean technology 
can not only help solve congestion problems 
through smart traffic management, as in the Port of 

Hamburg, but also reduce  emissions (Ogbu et al., 
2023).

This holistic approach to sustainability 
complements  recent literature that stresses 
the importance of integrated processes in ports’ 
adaptation to climate change (Izaguirre et al., 
2021). These initiatives have positive social and 
environmental impacts, and their  success often 
depends on engagement with stakeholders and 
the broader community, the study shows. Such 
an important finding is in line with another one 
regarding the key role  of collaborative governance 
in fostering  resilience  to climate change in port areas 
(Ihara et al., 2020). The study presents  empirical 
evidence from the case studies analyzed here in 
support of the theoretical frameworks described in 
earlier literature on the socio-economic dimensions 
of sustainable port development.

Nevertheless, the results also  confirm  major barriers 
to smart green port technology deployment, 
especially in developing parts of the world. Financial 
limitations and technical barriers are the main 
hindering  factors; similar findings were obtained 
from other studies on adaptation to climate 
change within ports of developing countries. This 
highlights the requirement to develop financing 
mechanisms as well as capacity building to 
address such gaps between the ports of developed 
and developing nations on  climate change 
preparedness. Comparing these findings with the 
extensive literature on climate change mitigation 
in the maritime sector shows that smart green 
ports pioneer  novel solutions. The combination of 
innovative technology and increased  sustainability 
in the port environment provides a model for other 
sectors confronted with the challenge of balancing 
operational optimization and environmental 
sustainability (Barona et al., 2023).

In recent years, the discussion of smart green 
ports has gained greater traction  with the 
maritime industry battling two challenges: 
enhancing operational efficiency while balancing 
environmental sustainability. This trend is driven by 
the urgent necessity to address  climate change 
and optimize the productivity of port operations. 
The smart green ports are characterized  by the 
application of cutting-edge technologies and 
sustainable practices working together to foster 
a more resilient and efficient marine environment 
(Bougioukou, 2023).
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This transformation is fundamentally  powered by 
cutting-edge technologies, such as the Internet 
of Things, artificial intelligence, and geospatial 
technologies. These  developments enable ports 
to monitor and manage operations in real time, 
resulting in better decision-making. Tracking vessel 
movements and  cargo logistics through IoT devices 
also helps for better berth allocation, leading to 
reduced ship waiting times, etc. Moreover, those 
capabilities are augmented by artificial intelligence 
by providing predictive  analytics and utilization 
rate prediction for congestion detection, which 
optimizes operations that increase productivity 
(Saraswati & Wirawan, 2024). The smart green  port 
also requires a concrete use of renewables. These 
days, many ports are considering ways to minimize 
their carbon footprint  through the use of ocean, 
wind, and solar energies. This would not only 
decrease dependence on fossil fuels but also fulfill 
international objectives on  sustainability. The Port 
of Rotterdam is a very good example of impactful 
renewable energy  projects that significantly 
decrease GHG emissions (Notteboom et al., 2020).

Another  important   factor   in  this sense is sustainable 
infrastructural development. Indeed, contemporary 
port facilities make use of eco-friendly materials 
and are fitted with energy-efficient systems that 
minimize environmental impacts, ensure the 
ports function operationally and are supportive 
of longevity and sustainability. For example, the 
inclusion of green roofs and state-of-the-art waste 
management systems adds to the ecological 
footprint of port facilities in a functioning manner 
(Sadiq et al., 2021). Productivity in smart green ports 
is normally evaluated by the number of containers 

they can handle, expressed in Twenty-foot 
Equivalent Units. Generally speaking, smart green 
ports  tend to be  more  productive due to better 
use of resources and automation of processes. With 
automated cargo handling systems, it is possible 
to speed up the loading and unloading operations, 
which significantly reduces vessel turnaround 
times (Ibrahim et al., 2024). There is a considerable 
ambition on  climate change mitigation strategies 
in most of the ports. On the other  hand, initiatives 
aimed at improving air quality in cities such as the 
Port of Los Angeles are committed to reducing its 
emissions by 30% by 2025. Another trend, this one 
with a climate-resilient bent, is gaining momentum 
as ports plan and prepare for the  potential impacts 
of climate-driven events such as rising sea levels 
or extreme weather. Proactive measures aimed 
at improving resilience are underway, including 
investment in infrastructure improvements like 
flood defenses  and sustainable drainage systems 
(León-Mateos et al., 2021).

Effective stakeholder  engagement is key to 
ensuring the better alignment of climate action 
plans with broader sustainability objectives. It could 
involve local communities, government agencies, 
and industry partnerships in a holistic view of 
sustainability that  focuses on economic viability 
and environmental stewardship (Bulmer & Yáñez-
Araque, 2023).

The mind map below visually illustrates the diverse 
interconnected elements of smart green ports as a 
sustainable solution in view of climate change for 
the maritime industry.
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Figure 1. the interconnected components of smart green ports as a sustainable solution for the maritime industry in the 
context of climate change

Smart green ports have emerged and  reinforced 
a paradigm shift within the maritime sector to 
balance efficient and competitive operations 
with environmental sustainability due to a 
quickening pace of climate change. In this study, 
we explore the  underlying intertwined processes 
and the synergies this compound approach 
makes possible, ultimately contributing to a more 
sustainable future for international trade. At its 
core, sustainable practices focus not only on what 
the companies they promote are using in terms 
of renewable energy and waste minimization but 
also on overall sustainable practices. The smart 
green port concept is aspirational in having not 
only the minimum  ecological footprint for port 
operations but also mandatory compliance with 
international environmental regulations that will 
evolve as the world moves forward. Approaches 
that  go hand in hand with eco-construction and 
energy by design facilitate the realization of a 
sustainable infrastructure to ensure a low-impact 
and environmentally commendable development.

The use of technology  is a key factor in upgrading 
traditional ports to smart green hubs. Utilizing IoT 
devices,  AI, and real-time data analytics improves 
operation effectiveness by streamlining cargo 
handling, minimizing vessel turnaround periods, 
and better timing resources. The integration of 
different data sources offers more  than efficiency 
improvements; it facilitates predictive analytics 
that can anticipate and respond to hidden 
environmental consequences, which is in line with 
larger climate change offsetting and mitigation 
goals. The switch  to green energy, like wind and 
solar power, is another important component. As 
this transition takes place, reliance on fossil fuels 
is cut massively, which in turn leads to lower GHG 
emissions, aiding sustainable development and 
climate  change mitigation efforts on the ground. By 
establishing concrete emission reduction  targets, 
it becomes easier to set measurable benchmarks 
for assessing progress in the future. These targets 
provoke accountability  and provide a basis for 
assessing the impact of different sustainability 
efforts.
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Efforts to mitigate climate change are not limited 
to reducing emissions but may also include 
proactive strategies like flood defenses  and 
climate-resilient infrastructure. These kinds of 
investments mitigate  the impacts of climate 
change on port operations, from sea level rise to 
extreme weather events. In fact, these  sustainable 
practices can not only positively impact the 
environment but also contribute to creating a highly 
profitable business by bringing in sustainability-
oriented stakeholders. What  promotes this is a 
symbiosis between environmental awareness 
and economic competitiveness. The other 
component is stakeholder engagement, which 
mobilizes  collective action toward common 
sustainability objectives. Working together with local 
communities, governments, and industry players 
enables partnerships that balance operational 
goals with local environmental challenges and 
international climate  obligations. This collective 
approach makes sustainability initiatives more 
effective and sustainable over  time.

There are far-reaching economic benefits of 
intelligent  green ports. Some of the  primary 
expected results include improved operational 
efficiency resulting from energy savings, the 
establishment of a more sustainable brand 
identity that enhances marketability, and improved 
competitiveness in global trade networks. Thus, 
better marginal costs create a virtuous cycle, 
providing the incentive to reinvest income into 
more and better  green technology and hastening 
the shift to a low/zero carbon maritime sector. But 
smart green ports embody a complete paradigm 
for modern  port operations that reflects both 
environmental and economic imperatives. The 
intricacies of the interrelation between sustainable 
practices and the development of infrastructure, 
technology integration, renewable energy 
sources, mitigation of climate change, stakeholder 
engagement,  and economic benefits have 
been traversed in this paper. Sustainable ports 
act as a significant step towards solving climate 
change issues through the adoption of smart 
technologies  and eco-friendly solutions.

6.	 Results

The results of this analysis highlight that smart 
green ports have very high potential with respect to 
addressing environmental challenges coupled with 
enhanced operational efficiency in the maritime 

sector. Integration of advanced technologies such 
as artificial intelligence (AI), Internet of Things (IoT), 
and smart geographic information systems (GIS) 
has become a modern transformative approach 
that can help optimize port operations while 
reducing greenhouse gas emissions. Some key 
observations being made in this regard include 
the remarkable productivity improvements seen in 
ports undertaking smart technologies. For example, 
through automated systems, real-time data 
analytics has helped to conduct cargo handling 
with speed and logistical management. Indeed, the 
case studies in the report, such as that on the Port 
of Rotterdam and Maersk Line, indicated that AI-
driven solutions may achieve up to remarkable fuel 
efficiency with substantial reductions in emissions. 
These developments add to environmental 
sustainability, apart from improving the economic 
viability of port operations. Moreover, research 
shows that there is a clear relationship between 
technology adoption and environmental impact. 
In general, the higher the smart technology 
integration in ports, the higher the reduction in 
emissions achieved. On the other hand, those with 
lower technology uptake can realize significant 
marginal gains from implementing smart speed 
management systems for vessels. This inverse 
relationship underlines the importance of 
investment in technological advancement to drive 
productivity and sustainability.

The findings also point to the need for coordination 
between stakeholders, such as port authorities, 
shipping companies, and local communities. It 
further requires coordinated strategies within 
overall broader sustainability goals for effective 
climate action plans. The involvement of multiple 
stakeholders ensures a holistic approach to solving 
the issue of climate change and, at the same time, 
maintaining economic resilience in the shipping 
industry. Evidence shows that smart green ports 
do indeed address the issues of climate change 
while permitting efficient operations on the one 
hand. As a result, innovative technologies and the 
cooperation of stakeholders might offer ways in 
which large, far-reaching sustainability programs 
throughout the world could keep the environmental 
footprint to a minimum. Only with further 
development and integration of smart solutions 
in the future will challenges within the maritime 
industry be overcome successfully and lead to a 
more sustainable and efficient industry.
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7.	 Recommendations 

Several recommendations to further enhance 
the effectiveness of smart green ports and their 
contribution towards sustainability can be formed 
based on current research and best practices. 
The key to this is for all port authorities to pursue 
a holistic approach to energy management, 
embracing renewable energy sources. That 
includes investment in solar, wind, and other 
renewable energy technologies that will contribute 
to minimizing the consumption of fossil fuels. 
Partnerships between port authorities and energy 
providers may be one way in which appropriate 
infrastructure can be developed, enabling 
the take-up of renewable energy and making 
substantial cuts in GHG emissions. The second is 
the development of technologies that help the 
port industry achieve more with minimal wastage 
of resources in its operations. This, if incorporated, 
allows for improved real-time monitoring and data 
analysis because of IoT devices and AI use. 

It can use predictive analytics to anticipate 
congestion in the ports  and stress-less 
management of such bottlenecks from cargo 
handling and clearance systems for efficiency. 
This involves collaborating with local communities, 
government agencies, shipping  companies, and 
environmental groups. Collaboration in this way 
allows these groups to share knowledge and 
develop best practices that  work to balance 
environmental goals with economic viability. It is 
very important to set clearly defined GHG emission 
reduction commitments in line with international 
climate change agreements. These  goals should 
be ambitious but realistically accessible, showing 
our commitment to sustainability and providing a 
measurable framework for advancement. Within the 
framework  of regular assessments, emissions and 
operational practices will be evaluated, and better 
performance will be achieved thanks to increased 
accountability. Additionally, building up hierarchies 
for training and capacity for port personnel are 
key investments, enabling these personnel to be 
prepared for the new operating  environment being 
created.

Training professionals with the skills to handle 
more complex technology and to adopt more 
sustainable practices will greatly increase 
operational  efficiency. Implementing regular 
employee development programs encourages 

innovation and  adaptability across port operations. 
Further, it is important that ports are involved in 
research efforts to develop new technologies as 
well  as new approaches to create new ways to 
promote sustainability. Academia and industrial 
experts should work together on  innovative 
solutions to the bespoke challenges of each port. 
Pilot projects will then be rolled out to experiment 
with these  new methods before scaling up. In the 
end, the adoption of these recommendations can 
make this port smart and green  , be an emblem of 
sustainability in daily operations, and, at the same 
time, increase productivity. The use of renewables, 
new technologies, stakeholder  involvement, 
emission reduction targets, workforce training, and 
R&D will meaningfully aid the goals of a smart green 
port in combatting climate change.

The proposed integrated structure for smart green 
ports represents a significant shift to address the 
multifaceted challenges  posed by sustainability 
in the maritime industry and mitigation of climate 
change. Using this theoretical way of interweaving 
economic technology and human behavior and 
achieving sustainability through stakeholder 
engagement, a model for port operations 
illustrating  the path toward environmental 
stewardship is developed. The framework 
understands that the effectiveness and success 
of a technological solution can be used through a 
proper working relationship with all  stakeholders. 
This emphasizes the co-dependent relationship 
between operational efficiency and environmental 
responsibility, stating that these are  not mutually 
exclusive goals but rather mutually reinforcing 
factors. The proposed framework would 
enable and enhance port details functions and 
services available in the port by using the latest 
technologies in the developed IoT, AI, and big data, 
as well as tracking and monitoring of the maritime 
environmental impact and mitigation  of potential 
risks. These technologies provide real-time 
information on emissions, energy consumption, 
and other important environmental parameters, 
enabling port authorities  to make informed 
decisions and implement targeted sustainability 
programs.

Even more importantly, this construct allows  for 
input from the community and stakeholders. It 
understands that local needs are different, so 
sustainability needs to be implemented locally and 
appropriately for the community. Digital platforms 
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can enable  this engagement, serving as conduits 
for up-to-the-minute environmental data to the 
general public as well as collecting stakeholder 
feedback. The framework also embeds climate 
resilience as a core component, as climate  change 
impacts pose greater risks to port infrastructure 
and operations. It recommends the deployment 
of advanced sensor networks and the use of AI-
powered predictive analytics to help ports plan 
for the climate-based threats to come,  like rising 
sea levels. This  port-level approach ties into the 
broader idea of climate change and can allow 
ports to develop a road map toward the climate 
crisis. 

This comprehensive framework  for smart green 
ports is built on the following key elements:

•	 Implement an overall energy plan  focused 
on renewable energy integration. Advancing 
solar, wind, and other renewable energy 
sources to reduce dependence on  fossil fuels 

•	 Collaborate with energy providers to put in 
place the required infrastructure to enable 
renewable  energy adoption.

•	 Focus on using new technologies to  increase 
efficiency.

•	  Implementing IoT (Internet of Things) devices 
and using artificial intelligence for better  real-
time monitoring and data analytics. 

•	 Apply predictive analytics to both forecast 
congestion and  improve cargo handling 
processes.

•	 Build partnerships among   multiple 
stakeholder groups to create sustainability 
programs. 

•	 Get buy-in from local communities, 
government agencies, shipping  companies, 
and environmental organizations to transfer 
knowledge and start developing best 
practices that align environmental goals with 
economic viability.

•	 Emission reduction targets must  be set in line 
with international climate agreements. 

•	 Train your port staff  and build their capacity 
by providing staff with  skills to use advanced 
technologies and sustainable practices.

•	 Getting involved  in research projects 
investigating new technologies and methods 
for sustainability.

•	  Partner with academic institutions and 
industry experts to create innovative 
processes and solutions for port challenges 

•	 Hold pilot  projects to test out new methods 
before scaling up.

These recommendations allow ports to become 
more intelligent green  bodies focused on 
sustainability and operational efficiency.

When it comes to smart green ports (SGPs) and 
climate change mitigation, different communities 
and stakeholders  play a role in port sustainability 
initiatives, making it important to clarify who these 
communities and stakeholders are. This distinction 
becomes important in the context of discussions 
about community engagement and  participatory 
approaches in smart green port development. 
The industry, which includes shipping companies, 
ship owners, port operators, and other market 
stakeholders, often prioritizes operational efficiency 
vs cost along with compliance with  global 
regulations (Durlik et al., 2024b). Their favorite 
smart green  port initiatives are usually related 
to digitalization programs that support logistics 
efficiency, fuel saving, and better port operation 
overall (Imafidon et al., 2024). A case in point is the 
deployment of automated guided vehicles (AGVs) 
and Artificial Intelligence to assist in berth planning 
at  the Port of Singapore, for example, which 
have displayed substantial  gains  in operational  
efficiency benefiting this community (Carvalho et al., 
2016). By contrast, the citizen community, consisting 
of residents in close proximity to ports, has  different 
priorities framed in terms of environmental quality, 
public health, and local economic opportunities 
(Buticchi et al., 2022).

The community is particularly concerned about 
air and noise pollution, traffic congestion, and 
the impact of port developments  on their 
overall quality of life. The citizen community, in 
particular, is concerned with smart green port 
initiatives addressing its needs (e.g., shore-to-
ship power systems to  alleviate the emission of 
idling vessels (Wang et al., 2024). Though these 
communities have their own interests, there  are 
also areas of overlap that need to be recognized, 
especially regarding environmental sustainability 
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and climate change adaptation. This reduces 
greenhouse  gas emissions and leads to cleaner 
air and increased community resilience to climate 
risks (Lechtenböhmer et al., 2018). An alignment 
of smart port and smart city initiatives will ensure 
that smart green port initiatives will address the 
needs and requirements of the port as well  as 
the city, respectively. This is possible by means of 
participatory stakeholder involvement processes 
with  representatives  from  the   maritime  sector, 
local communities, environmental organizations, 
and government (Bazaras et al., 2017). Collectively, 
these represent more holistic  and  broadly 
acceptable sustainability initiatives that can 
address climate change while acknowledging  the 
myriad interests that potentially affect all 
stakeholders.

8.	  Future Research Directions 

This analysis should, therefore, inform future studies 
on the topics of smart green ports and climate 
change mitigation,  enhancing infrastructure, 
and society-based actions for better overall 
sustainability perspectives. There are multiple 
areas that require further exploration:

•	 Longitudinal studies  on the long-term 
effects of smart green port technologies on 
local ecosystems and communities. These 
studies should  seek to address how new 
port practices will impact environmental 
quality, economic development prosperity, 
and social well-being in the long run. Such 
research  could contribute to understanding 
the social sustainability and resilience of 
smart green projects in response to changing 
climate threats.

•	 Research and  comparative analyses of 
diverse models of community engagement 
across multiple geographic and cultural 
contexts. As the smart green port 
phenomenon  spreads, so does the need to 
explore the different manners and reasons 
why societies engage in sustainability efforts. 
Such research may allow us to find out what 
best practices are specific and  how far they 
can be adapted to work in different port 
environments (Us et al., 2022).

•	 Analysis of pioneering participatory action 
research techniques to engage local 
stakeholders  in the co-design and co-

implementation of smart green port activities. 
If community members could become 
stewards of local environmental projects like 
trees, parks, greenways, urban flooding, etc, 
this could ensure community ownership of 
the projects, as well as provide good data on 
what kinds of engagement work best in  their 
area (Ogut et al., 2024).

•	 Integrating Smart Green Port  Technologies 
with Indigenous Knowledge Systems in 
maritime regions This  research could lead to 
discovering unique strategies for sustainable 
port management by combining new 
technologies with old-world wisdom (P et al., 
2024).

•	 Among them is the development and 
validation of  socially comprehensive 
metrics for measuring social capital and 
community resilience in the context of smart 
green port initiatives. These tools could help 
assess how effective different approaches 
to engaging  people have been and the 
role they play in how communities adapt to 
climate change (Basile, 2021).

•	 This way provides the opportunity for a new 
wave  of technology-enabled citizen science 
programs in the environmental monitoring 
and management of the island’s smart green 
port. Research may look at how grassroots 
data  collection and analysis efforts by the 
community can support and play a role in 
advancing port sustainability (Rasowo et al., 
2024).

•	 Study of  the role of education on the 
involvement of long period of community 
attachment to smart green ports. May 
Thus, research the acceptability of inter-
generational education programs that 
connect port sustainability initiatives  with 
local schools and community centers 
(Unegbu et al., 2024).

•	 Study of necessary and effective conflict 
resolution mechanisms between local 
communities and port authorities in deploying 
smart  green technologies. This work  is 
critical for mediating conflicting interests and 
establishing trust in controversial contexts 
(Balbaa et al., 2019).
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Such selected research areas would greatly 
enhance our understanding of the  capability of 
smart green ports to achieve the goals of mitigating 

climate change and providing the feasibility 
of community engagement and sustainable 
development in the maritime context.
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