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Abstract: This paper focuses on operational practices that can reduce emissions in port
services, especially within nautical operations. By using theoretical and empirical ap-
proaches, the research adopts a mixed-method design that integrates desk research, stake-
holder surveys, and case study analysis. The study identifies and classifies twelve optimal
operational practices through an innovative multidimensional framework, which consid-
ers environmental, economic, social, technical, and institutional dimensions. The findings
highlight the relevant importance of promoting behavioural changes among port service
operators to ensure the effective adoption of sustainable practices. To this end, the study
highlights the need to develop specific and targeted training programs. They aim to raise
public awareness of environmental issues and improve personnel operational efficiency.
Such programs are identified as crucial elements to facilitate the transition towards more
sustainable and efficient operating models. This fosters a long-term positive impact on
both environmental performance and the entire maritime logistics chain. The research
concludes by recommending how ports can incorporate these practices into training pro-
grams that promote sustainable behaviour and improve operational decision-making.

Keywords: Green Port Practices, Sustainable Port Operations, Behavioural Change in Nautical
Services, Stakeholder Engagement, Data-driven management, Mixed-methods.

1. Introduction

Ports serve as crucial nodes within global supply chains, highlighting international
trade and making a substantial contribution to economic development and regional com-
petitiveness. At the same time, their role in maritime logistics positions them among
prominent contributors to environmental pollution, primarily through substantial emis-
sions, resource depletion, and extensive energy consumption [1,2]. Maritime operations
are a significant source of pollutant emissions. These operations include: a. technical-nau-
tical services, such as pilotage, towing, and mooring; b. onboard activities carried out on
various types of vessels, including cruise ships, vehicle carriers, container ships, general
cargo ships, and oil tankers. These include carbon dioxide (CO,), nitrogen oxides (NOy),
sulphur oxides (SOy), particulate matter (PM), and volatile organic compounds (VOCs).

These emissions adversely affect urban air quality, exacerbate climate change, and
compromise public health [2,3].

International and regional regulatory frameworks have intensified in response to
growing environmental concerns and increasing attention to sustainability issues. Conse-
quently, the International Maritime Organization (IMO) has set stringent emission
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standards. It did this through the MARPOL Convention. Meanwhile, the European Union
(EU) introduced the Green Deal. The goal is to achieve global climate neutrality by 2050.
These regulatory imperatives are pushing ports to adopt comprehensive environmental
management practices. This also strengthens their strategic role in advancing global sus-
tainability goals [4,5]. As a result, port managers have adopted global “green port” initia-
tives, which can be explained as an integrated approach that aligns environmental goals
with technological innovations, operational optimisation, social responsibility, economic
performance and institutional collaboration [1,6]. However, the successful implementa-
tion of such practices remains challenging. Technological advancements alone are insuf-
ficient; lasting environmental outcomes require behavioural change, institutional support
and active stakeholder engagement [7,8].

Port authorities and stakeholders frequently encounter difficulties identifying, prior-
itising, and implementing effective sustainability measures due to the diverse range of
available practices, varying regulatory landscapes, operational limitations, and the chal-
lenge of securing widespread stakeholder acceptance [8,9].

This study addresses these critical issues by systematically identifying, evaluating,
and prioritising sustainable practices explicitly designed to reduce harmful emissions
within port operations, focusing especially on technical-nautical services. The research
identifies twelve effective practices for achieving substantial emission reductions and im-
proving operational sustainability by employing a mixed-method research design that
combines qualitative expert consultations with quantitative stakeholder evaluations. Fur-
thermore, the study applies to an original analytical framework. This includes environ-
mental, economic, social, technical and institutional dimensions. The adopted approach
allows for a comprehensive assessment of the sustainability practices examined. The pa-
per aims to identify and rigorously assess practices capable of significantly reducing emis-
sions in technical-nautical port services. This approach validates a structured analytical
framework. This allows for assessing practices from multiple critical perspectives and
translating the results into actionable management and training recommendations. The
results obtained aim to promote sustainable operational behaviours. Furthermore, they
aim to improve stakeholder engagement and ultimately support the transition of the mar-
itime sector towards sustainability.

This study contributes to the discourse on sustainable port operations by offering an
empirically validated framework for evaluating emission-reduction practices in technical-
nautical services. Unlike previous studies, which often focus on infrastructure-based in-
terventions or high-level policy strategies, this research emphasises operational and be-
havioural practices that can be directly implemented by port service providers [1,2,7,9].
Based on stakeholder evaluations and a multidimensional analytical framework, the pa-
per identifies twelve high-impact practices, ranked according to sustainability-related
evaluation parameters. Our results help ports develop training strategies that encourage
daily sustainable behaviours among operators. Beyond operational value, the study also
contributes new perspectives to current academic and managerial debates.

The next sections of the paper include a comprehensive review of the theoretical
framework on port sustainability. A detailed account of the methodology follows. An
analysis of the results is then presented. Finally, the main theoretical and managerial im-
plications are discussed. In particular, Section 2 outlines the conceptual basis. It focuses
on sustainable port operations, digital transformation and behavioural training. Section 3
describes the mixed-methods research design adopted in the study. The data collection
process and the development of the analytical framework are explained. Section 4 pre-
sents the evaluation and validation of the selected sustainability practices. Section 5 dis-
cusses the main findings, considering the existing literature. The practical and theoretical
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relevance of the results obtained is highlighted. Finally, Section 6 concludes the paper, 92

summarising the contributions made and proposing paths for future research. 93
2. Theoretical background 94
2.1 Sustainability and Emission Reduction in Port Operations 95

Building on their critical role in global trade, ports are facing increasing scrutiny due 96
to their significant environmental impact, particularly in terms of air emissions and en- 97
ergy consumption [10]. To address these challenges, international regulatory frameworks 98
have introduced stringent environmental standards. 99

Considering intensifying regulatory frameworks and growing expectations for envi- 100
ronmental sustainability, ports have increasingly adopted the “green port” paradigm. 101
This approach promotes integrated strategies. These include energy efficiency measures, 102
low-emission technologies and digital tools tailored to operational needs [1,6,11,12]. In 103
this context, several specific practices have emerged that offer concrete ways to improve 104
the sustainability of port operations. Among the most relevant practices is the adoption 105
of alternative fuels, such as liquefied natural gas (LNG), hydrogen and biofuels. Another 106
solution is the implementation of shore-side power systems (OPS). These systems allow 107
ships to switch off their auxiliary engines during docking, significantly reducing emis- 108
sions in the port environment [7,8]. In addition, advanced sensor technologies and contin- 109
uous emission monitoring systems have been widely implemented. These tools provide 110
ports with real-time data, which is useful for effectively monitoring and managing envi- 111
ronmental performance [9]. Integrated environmental practices help port authorities meet 112
regulatory compliance requirements. At the same time, they contribute to reducing oper- 113
ating costs through increased energy efficiency. Finally, they attract eco-conscious stake- 114
holders, strengthening the competitive positioning of ports [6,13]. 115

Empirical evidence demonstrates the significant benefits of proactive green port 116
strategies. These strategies generate measurable environmental and economic benefits. 117
One of the most significant examples is the Port of Los Angeles, where Alternative Mari- 118
time Power (AMP) has been successfully implemented. The system provides a large 119
power grid to berthed ships, drastically reducing local emissions and fuel consumption 120
[14]. Another example is the Port of Rotterdam, which is recognised worldwide for its 121
sustainable practices. The port has invested in renewable energy infrastructure, energy- 122
efficient technologies, advanced waste treatment systems and comprehensive emission 123
monitoring. These measures have led to a significant reduction in emissions. They have 124
also aligned the port’s operations with broader climate goals, setting a global benchmark 125
for port sustainability [15]. Moreover, academic analyses confirm that ports implementing 126
such sustainability initiatives achieve regulatory compliance and improve their market 127
attractiveness, customer loyalty, and overall stakeholder satisfaction by aligning them- 128
selves clearly with global sustainability trends [13,16]. Thus, embracing green port strate- 129
gies is becoming a strategic imperative for modern ports seeking both environmental sus- 130
tainability and competitive advantage within the global maritime industry. 131

2.2 Digital Transformation and Innovation in Port Management 132

In recent years, the port industry has increasingly turned to technological innovation. 133
This choice is a strategic response to the growing pressure to improve operational effi- 134
ciency, environmental sustainability and supply chain resilience [17,18,19]. The evolution 135
towards intelligent port systems is based on the principles of Industry 4.0. This model 136
values digital connectivity, automation and the use of data in industrial processes [20]. 137
The digital transformation of port ecosystems requires the integration of different tech- 138
nologies. These include the Internet of Things (IoT), artificial intelligence (AI), big data 139



Sustainability 2025, 17, x FOR PEER REVIEW 4 of 20

analytics and Cyber-Physical Systems (CPS). These technologies enable real-time moni- 140
toring, predictive decision-making and autonomous operations throughout the port envi- 141
ronment [21,22,23]. 142

A key component of smart port architecture is the IoT infrastructure. It connects 143
physical port assets —such as cranes, containers, vessels, vehicles, and monitoring equip- 144
ment —through wireless networks and arrays of sensors. These devices collect and trans- 145
mit real-time data on location, movement, condition, and performance, thus creating a 146
digital layer over the physical environment that supports seamless information flow and 147
operational control [21,24]. IoT-based platforms facilitate machine-to-machine communi- 148
cation while also supporting advanced tracking and monitoring for emissions and energy 149
usage [21]. 150

Artificial intelligence in smart ports has a role that goes beyond automation. It con- 151
tributes to predictive analytics and decision-making in all operational scenarios. Al-based 152
tools are used to predict ship arrivals. They also help optimise the use of resources [21,23]. 153
When combined with big data analytics, Al enables the extraction of actionable insights 154
from large amounts of data. These technologies help port operators respond flexibly. They 155
can adapt to changes in cargo volume, weather conditions, or workforce availability 156
[25,26]. 157

The integration of CPS adds a new dimension to port digitalisation [27]. CPS connect 158
the physical and digital worlds. They enable equipment to be automated based on real- 159
time environmental feedback. This reduces human error and improves system resilience. ~ 160
These systems include integrated sensors, actuators and control mechanisms. They can 161
make decisions autonomously. They form the technological backbone for self-driving ve- 162
hicles and remote-controlled cranes. They also include aquadromes that monitor fuel con- 163
sumption, propulsion systems and mooring operations [21,24,25]. 164

Terminal Operating Systems (TOS), Enterprise Resource Planning (ERP), and Super- 165
visory Control and Data Acquisition (SCADA) systems are necessary to manage the data- 166
driven operations of a smart port. These systems can be configured to collect environmen- 167
tal performance data during vessel assistance and integrate it with broader port sustaina- 168
ble metrics [21,28]. By connecting these software environments to automated equipment 169
and IoT platforms, ports achieve end-to-end integration. This process extends from the 170
arrival of ships to the movement of cargo, to the coordination of inland transport. 171

Emerging smart port strategies also include the implementation of digital twin tech- 172
nologies. These virtual twins simulate and visualise port operations in real time. Digital 173
twin platforms allow operators to test scenarios in a virtual environment. They can simu- 174
late, for example, traffic rerouting, crane scheduling or climate impact mitigation. This 175
reduces risks and enables more informed decision-making [21]. 176

The implementation of these technologies yields measurable improvements. Studies 177
show that smart port deployments lead to reduced vessel turnaround times, lower emis- 178
sions, and higher equipment utilisation rates, while improving labour safety and cus- 179
tomer responsiveness [26, 29]. For example, ports like Rotterdam, Hamburg, and Quebec 180
have pioneered integrated systems combining Al, IoT, and automation, positioning them- 181
selves as benchmarks in smart logistics and green port innovation [21, 30]. 182

However, these advances present challenges. The cost of digital infrastructure, cy- 183
bersecurity vulnerabilities, and institutional resistance can hinder implementation. 184

This is especially true for ports located in developing regions or operating with frag- 185
mented governance systems [29,31]. The need to reskill the workforce, manage data, and 186
foster interorganizational collaboration increases the complexity of transitions to smart 187
ports [21,28]. Smart ports represent a structural change in the way they operate. 188
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They also deliver sustainable value along maritime supply chains. By integrating in- 189
telligence and connectivity into infrastructure and operations, smart ports create the foun- 190
dation for sustainable, resilient, and customer-centric maritime logistics. 191

2.3 Behavioural Training and Stakeholder Engagement for Sustainable Practices 192

Even with new technologies, the success of sustainable practices in ports depends on 193
how well human operators understand and apply them [8]. Maritime logistics continue 194
to rely on human intervention, particularly in technical-nautical services where tasks such 195
as pilotage, tug operations, and mooring require precision and environmental awareness. 196
Recent studies highlight that technology alone is not sufficient to ensure strong environ- 197
mental performance; instead, it requires targeted behavioural interventions and struc- 198
tured professional training programs explicitly tailored to maritime personnel [8,6]. Hu- 199
man factors such as motivation, knowledge, skills, and continuous reinforcement signifi- 200
cantly play a critical role in embedding sustainability strategies into daily operations. As 201
a result, enhancing the environmental competencies of pilots and port managers through 202
comprehensive training frameworks has become a key priority in sustainability-oriented 203
port governance [6]. 204

Effective methods include scenario-based simulation, Virtual Reality (VR) environ- 205
ments, real-time feedback from Port Community Systems (PCS), and continuous profes- 206
sional development programs [7,8]. Scenario-based simulation training allows personnel 207
to experience realistic operational situations in controlled environments, enhancing their 208
ability to respond effectively under real-world conditions and improving environmental 209
performance through reduced inefficiencies and optimised behaviours [8]. Virtual reality =~ 210
training is very useful in complex maritime operations. It can simulate piloting manoeu- 211
vres and tugboat operations. These simulations take place in different weather and traffic 212
conditions. They offer risk-free experiential learning. They also promote greater situa- 213
tional adaptability [8]. Furthermore, real-time feedback systems help operators better un- 214
derstand the environmental impact of their actions. These systems are based on data col- 215
lected by PCS platforms. They make the immediate effect of adopted behaviours evident. 216
This encourages corrective actions such as optimised route planning. They also push to 217
reduce engine idling periods and to perform more energy-efficient manoeuvres [8,16]. Pi- 218
lot studies show concrete results. When digital training is combined with measurable en- 219
vironmental indicators, operators become more aware. They practice sustainable behav- 220
iours more consistently. This leads to tangible reductions in emissions [6,8]. 221

In addition to training, active stakeholder involvement is important. This is an essen- 222
tial factor in successfully implementing sustainable port practices. Stakeholders include 223
operational staff, management and external parties. These include shipping companies, 224
logistics providers and regulatory agencies. Their involvement promotes shared respon- 225
sibility. It also fosters a sense of collective ownership of sustainability initiatives [6,17]. 226
Participatory decision-making brings many benefits. When stakeholders help design, im- 227
plement and evaluate environmental strategies, acceptance is higher. Coordination im- 228
proves and environmental results last longer [1,6]. For example, port authorities that in- 229
volve stakeholders from the beginning achieve several benefits. There is better alignment 230
of organisational goals. Implementation is smoother. Operational compliance is also 231
higher [1]. Empirical studies confirm this. Stakeholder involvement and transparent com- 232
munication reduce resistance to change. This facilitates easier transitions to sustainable 233
operational practices [17]. Additionally, actively involving port workers and maritime 234
professionals in continuously improving and refining environmental procedures en- 235
hances practical effectiveness and reinforces an organisational culture committed to envi- 236
ronmental responsibility [6,17]. 237
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Comprehensive human resource development—including structured education, 238
hands-on training, and inclusive stakeholder engagement—is essential for delivering last- 239
ing emission reductions and maintaining environmental compliance. When paired with 240
technology, these behavioural and cultural shifts strengthen the maritime sector’s ability 241

to meet sustainability and performance goals [28]. 242
3. Materials and Methods 243
3.1 Research Design 244

In this study we used a mix of qualitative and quantitative methods, grounded in 245
case study analysis, to explore how sustainability strategies work in practice across differ- 246
ent ports. The choice to use a mixed approach arises from a necessity. It was important to 247
understand the issues comprehensively. For this reason, qualitative exploration was bal- 248
anced with statistical analysis based on validated data [33,34,35]. The qualitative phase 249
included two main activities. The first was the literature review, while the second was the 250
selection of case studies. This phase allowed an in-depth exploration of the operational 251
dynamics that fostered the understanding of the context. It also helped to identify the best 252
practices to reduce emissions and improve sustainability in technical-nautical services. 253
The qualitative data collected offered important insights. They clarified the operational 254
challenges and highlighted the stakeholders’ perspectives. They also showed sustainabil- 255
ity opportunities specific to each context [36,37]. The quantitative phase involved the use 256
of structured questionnaires. These were administered by stakeholders. The questionnaire 257
was used to evaluate two aspects. The first was the perceived effectiveness of sustainabil- 258
ity practices, and the second was their operational feasibility. The practices considered 259
emerged from the previous literature review. By combining the two approaches, the re- 260
search obtained more solid results. It validated the data and generalised the results in 261
different port contexts. This increased the robustness and reliability of the conclusions 262
[38,39]. The quantitative data confirmed qualitative insight and offered an evidence-based 263
assessment of each practice’s relevance, feasibility, and impact across different port envi- 264
ronments. 265

A multiple case study approach was adopted to reinforce the study’s empirical foun- 266
dation further. The research included a subsequent operational phase focused on devel- 267
oping and distributing a “Case Study Identification Sheet” to key stakeholders in the port 268
sector. The primary objective of this initiative was to collect case studies based on the 269
practical application of the 12 best practices previously identified. The design of the sheet 270
was grounded in a review of relevant academic and professional literature to ensure con- 271
struct validity and clarity. 272

The administration of the sheet produced dual outcomes: first, it facilitated the iden- 273
tification of benchmark ports; second, it enabled an in-depth analysis of the operational 274
practices adopted in these contexts. This approach proved particularly effective in exam- 275
ining complex phenomena in real-world settings, where multiple operational variables 276
and contextual factors significantly influence outcomes [40,41,42]. 277

By triangulating these data with previous phases of analysis, the study was able to 278
strengthen both the theoretical constructions and the practical implications. By analysing 279
port operations characterised by exemplary sustainability practices, the research vali- 280
dated theoretical propositions and added value in terms of practical applicability. The 281
case studies provided rich and contextualised narratives. These narratives supported both 282
qualitative exploration and quantitative evaluation. The methodological framework was 283
designed with three main objectives. The first objective is to systematically identify and 284
evaluate best practices. These practices address the reduction of harmful emissions in 285
technical-nautical services. The second objective is to empirically validate these practices. 286
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This was done through active stakeholder involvement. The objective was to ensure their 287
practical applicability. It was also important to ensure broad acceptance in the maritime 288
sector. The third objective is to exploit the empirical findings. These findings should be 289
translated into operational guidelines. Furthermore, they should generate actionable pol- 290
icy recommendations. The final objective is to improve sustainable performance. It is also 291
important to strengthen the environmental management of port operations. 292

The final objective was to identify several case studies from different countries. The 293
aim was to provide a differentiated perspective on the application of best practices. Cases 294
from Italy, Portugal, Spain, Belgium and Turkey were selected. This choice reflects the 295
geographical and operational diversity of European ports. Furthermore, it reflects the 296
availability of reliable data provided by stakeholders active in those countries. Initially, 297
ports from other regions were also considered. However, some did not provide sufficient 298
data, and others refused to participate in the study. For this reason, they were notincluded 299
in the final analysis. This practical limitation does not reduce the validity of the selected 300
ports. They nevertheless represent a variety of sustainability challenges. They also offer 301
examples of different approaches to governance. 302

3.2 Data collection 303

The data collection process was divided into two main phases. The first phase in- 304
volved desk research; the second phase involved field analysis. Both phases aimed to col- 305
lect complete and reliable information on sustainable operational practices in ports. Desk 306
research was essential to build a solid theoretical base. During this phase, a systematic 307
review was conducted. Academic articles, industry association reports and relevant insti- 308
tutional documents were analysed. This analysis allowed us to identify existing or pro- 309
posed sustainable practices. These practices were classified according to their potential for 310
transferability and applicability in the port context. As a result, an initial list of 13 key 311
practices was created, categorised into three main thematic clusters: emissions reduction, 312
operational efficiency improvement, and professional development and engagement. 313

The three clusters represent macro-categories of practices applicable in ports to re- 314
duce the environmental impact of towage and pilotage operations (Figure 1). Each cluster 315
reflects a specific intervention perspective. Analysing each perspective is useful for ana- 316
lysing, classifying and comparing initiatives according to their nature and objectives. In 317
particular: 318

e Cluster 1 - Emission reduction practices (strategic aspects): This cluster com- 319
prises practices explicitly aimed at reducing pollutant emissions. It relies on 320
technological upgrades, maintenance strategies and management measures. 321
It includes actions aimed at changing the technical characteristics of vessels 322
or organisational behaviour in order to limit emissions of greenhouse gases 323
and air pollutants. 324

e Cluster 2 - Operational efficiency enhancements (operational aspects): This 325
cluster focuses on practices that improve operational efficiency by optimis- 326
ing the use of resources (e.g. fuel, time, labour). Although not primarily de- 327
signed to reduce emissions, these actions achieve environmental benefits as 328
a derivative of increased efficiency, e.g. through route optimisation or 329
smoother manoeuvring processes. 330

e Cluster 3 - Engagement and professional development (educational aspects): 331
This cluster brings together the supporting actions, such as training, aware- 332
ness-raising and monitoring. These actions create the conditions for the suc- 333
cessful implementation of environmental practices. It includes non-material 334
initiatives that foster cultural change and continuous monitoring, promoting 335
a more environmentally aware system. 336
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Figure 1 - Main characteristics of the three identified clusters 337
e ; - — ENVIRONMENTAL
CLUSTER FOCUS KEY ACTIONS
___ CONTRIBUTION
+ Use of alternative fuels Primary objective: lower
1 - Emission reduction Direct reduction of pollutant ° e maintenance FEEIIE grasrand
ractices (strategic aspects) emissions + Green propulsion systems  pollutant emissions through
P + Environmental reporting  technology and
management
* Route and speed Indirect impact: lower
2 - Operational efficiency optimization emissions as a result of
enhancements (operational ~ Optimization of resource use * Reduced engine idling increased operational
aspects) + Simulation tools for efficiency
maneuvers
+ Staff training Enabling factor: supports
S;ogi?giﬁillgv?;: S Capacity building and * Awareness campaigns the effective and sustained
P P cultural change + Emissions monitoring implementation of

(educational aspects) .
environmental measures

338
339

These clusters served as the reference framework for the subsequent analysis, estab- 340
lishing a strong theoretical basis upon which to build. The next step was field analysis. In 341
this phase, a questionnaire was administered to port operators. The main objective wasto 342
validate the practices identified during the documentary research. In addition, new pro- 343
posals were collected directly from professionals in the sector. This step was essential to 344
connect the research to the operational reality. The empirical feedback allowed us to 345
strengthen and refine theoretical knowledge. The active participation of the interviewees 346
was essential. They answered the questionnaire and involved other local port operators. 347
This ensured broader and more representative data collection. Subjects from different op- 348
erational sectors were included. Among them: maritime pilots, tug operators, mooring 349
personnel, logistics service providers and representatives of port management. This al- 350
lowed us to obtain a rich and varied data set. The data collected covers multiple aspects 351
of port operations. 352

The survey involved a group of 40 stakeholders. All of them were actively engaged 353
in daily technical-nautical operations. The interviewees evaluated each practice using a 354
five-point Likert scale. The score ranged from 1 (low effectiveness) to 5 (high effective- 355
ness). The practices were analysed according to different dimensions. Among them are 356
the potential for emission reduction, economic feasibility, ease of integration into daily 357
operations, and overall impact on sustainability. This method allowed us to clearly un- 358
derstand how the operators perceived the proposed practices. The data collected was very 359
useful for the next phase of analysis. Methodological triangulation was used to increase 360
the validity and reliability of the results [32,39]. This strategy involved cross-checking the 361
data. The data came from both the literature review and structured quantitative surveys. 362
Triangulation improved the quality of the data set. It reduced possible biases and con- 363
firmed the consistency of the results between independent sources. In this way, the data 364
collection identified relevant and feasible sustainability practices. It also strengthened the 365
empirical credibility of the analytical framework and the study findings. 366

3.3 Case Study Selection 367

The selection of case studies followed a rigorous process. The process was strategi- 368
cally designed. It was guided by criteria consistent with the research objectives. These 369
criteria aimed to identify successful practices. In particular, effective practices in reducing 370
emissions in ports. The focus was on ports adopting advanced environmental practices. 371
Ports that have received recognition in the maritime sector [23,34,35] were also consid- 372
ered. This approach ensured the selection of innovative cases. Each port included repre- 373
sented a relevant example of sustainable operations. 374
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The geographical scope was limited to the European maritime sector. This choice was
made intentionally. The aim was to ensure regulatory coherence between cases. Further-
more, it was intended to facilitate the comparability of the results. This regional focus
strengthened the validity of the research. It also allowed for more generalisable results.
The results are better applied to contexts with similar legal, institutional and operational
frameworks [15,18,20].

An additional selection criterion concerned the adoption of environmental measures.
These measures had to be integrated into specific technical-nautical services. The services
considered included pilotage, tugboat operations and mooring activities. These services
are relevant for their contribution to port emissions [2,6,13]. This focus allowed for a de-
tailed assessment of the practices. The practices directly influence the emission levels in
critical operational activities. Compliance with regulatory standards constituted another
essential selection filter; case studies were selected among ports demonstrating stringent
adherence to international environmental regulations [1,4,29].

The study established a robust empirical basis for evaluating sustainability-focused
operation practices’ implementation, performance and transferability through this struc-
tured, multidimensional selection framework. This strategic approach ensured that the
findings reflected proven success cases and yielded actionable, generalisable insights ap-
plicable to other ports operating under comparable environmental and governance con-
ditions.

3.4 Analytical framework

The analysis and selection of the identified practices were guided by an analytical
framework. This framework is based on ten evaluation parameters, divided into five main
perspectives: environmental, economic, social, technical and institutional (Figure 2). The
multidimensional framework was designed to ensure a comprehensive understanding of
the proposed practices” effectiveness, relevance and impact. Furthermore, it promotes a
balance between operational needs, sustainability and innovation.

Figure 2 — The ten evaluation parameters

PERSPECTIVE D PARAMETER DESCRIPTION

Measures the effectiveness of the practice in reducing the emission of CO,, NOx, and other
into the

Assesses the impact of the practice on the sustainable use of resources such as fuels,

water, and other natural raw materials

Estimates the initial cost required to adopt the practice, including equipment, training, and

Al ion of gas

ive (A)
A2 |Preservation of natural resources

Bl [Cost of implementation

ive (B,
) Assesses the ability of the practice to reduce operating costs over time, such as savings on

fuels or
.| Measures the degree of acceptance and acceptance of the practice by pilots, port
and the local i

B2 [Long-term operational savings

C1 |Acceptability among workers and the

Social ive (C)
© Assesses the impact of the practice on reducing health and safety risks to workers and the
C2 |Improved health and safety .
nearby
Assesses how easy it is to integrate the practice with current port infrastructure and
D1 |Ease of integration with legacy technologies i E P I
5 . technology.
Technical (D) A 5 5
e L the technical and ease of of the adopted solution,
D2 |Maintainability and reliability )
reducing
e e " with Assesses whether the practice meets local, national or international regulatory
Perspective of government requirements.
and ities (E) B2 the degree of pi ion, incentive or facilitation offered by authorities for
from

adopting the practice

The environmental perspective focused on the ecological impact of practices. Their
potential to reduce the ecological footprint, limit greenhouse gas emissions and promote
sustainable resource management was assessed. Solutions such as continuous monitoring
of emissions and the use of alternative fuels, such as biofuels, are examples of practices
that reduce air pollution and improve energy efficiency.

The economic perspective analysed the financial benefits of adopting such practices.
In particular, the reduction of operating costs, the improvement of efficiency and the long-
term return on investment were examined. Examples of practices in this perspective
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include the optimisation of shipping routes and the reduction of vessel downtime. These 413
solutions reduce costs and improve operational sustainability. 414

The social perspective considered the well-being of port workers. Safety, health, qual- 415
ity of working life and the level of acceptance of the proposed practices were assessed. 416
Key practices included worker involvement in decision-making processes and continuous 417
training. These interventions aim to increase motivation and productivity while reducing 418
operational risks. 419

The technical perspective examined the feasibility and technological innovation of 420
the practices. Their ability to improve port operations and integrate with existing infra- 421
structure was assessed. Examples of practices in this perspective include real-time moni- 422
toring and digital simulation of port manoeuvres. These solutions improve operational 423
efficiency and reduce risks. 424

The institutional and governmental perspective assessed the alignment of practices 425
with local and international regulations. It also considered the support of government au- 426
thorities for their implementation. Examples of practices in this perspective are those that = 427
encourage collaboration between ports to exchange environmental information. Other 428
practices that comply with international regulations also meet the governance objectives 429
of transparency. 430

Each perspective included specific parameters. These parameters were used to meas- 431
ure in detail the impact of the solutions adopted. They provide a structured framework to 432
compare alternative practices and ensure their effectiveness. The ten evaluation parame- 433
ters are: reduction of greenhouse gas emissions and conservation of natural resources for 434
the environmental perspective; implementation costs and long-term operational savings 435
for the economic perspective; acceptability among workers and the community and im- 436
provement of health and safety for the social perspective; ease of integration with existing 437
technologies, maintainability and reliability for the technical perspective; compliance with 438
environmental regulations and institutional support for the institutional perspective. This 439
evaluation system allowed us to select 12 definitive practices. It also allowed us to evalu- 440

ate their concrete applicability and scalability in the port context. 441

The proposed model contributes to the evolution of port governance by promoting 442
data-driven, integrated, and practical sustainability solutions for the ports of the future. 443
3.5 Stakeholder engagement 444

Stakeholder involvement is crucial for the success of research. This is especially true 445
in complex operational contexts, such as ports. Their participation improves the method- 446
ological soundness and reliability of the results. It also ensures that the proposed solutions 447
are aligned with the practical needs of port managers and operators. Active stakeholder 448
involvement makes the results more concrete and relevant. It allows to respond directly =~ 449
to the needs of the sector. The integration of different professional skills enriches the re- 450
search. It improves the depth of the analysis and makes the selection of sustainable prac- 451
tices more effective. This approach leads to operational, concrete and adaptable solutions 452
over time. 453

In this research, data collection was conducted through a targeted survey. The survey 454
was distributed between September 17 and October 4, 2024. Stakeholders actively in- 455
volved in technical, nautical and port management operations were involved. These in- 456
cluded: maritime pilots, tugboat operators, mooring specialists, logistics providers and 457
port management representatives. With this approach, the study covered all key aspects 458
of port operations. Each stakeholder group offered valuable input. The responses were 459
based on first-hand experience and professional expertise. For example, maritime pilots 460
focused on practices related to operational safety. Logistics providers, on the other hand, 461
emphasized strategies to improve efficiency and reduce costs. 462
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The study deliberately involved a broad spectrum of stakeholders. In this way, it ef- 463
fectively captured different operational roles and points of view. This approach signifi- 464
cantly improves the credibility of the findings. It also broadens their applicability in dif- 465
ferent port contexts. The structured Likert-scale format utilised in the questionnaire ena- 466
bled the gathering of measurable data, facilitating a systematic evaluation and compara- 467
tive analysis of the proposed sustainability practices. This quantitative methodology also 468
helped minimise subjective biases, strengthening the overall objectivity of the study. 469

To further validate the results, a follow-up phase was launched in January 2025. In 470
this phase, a “Case Study Identification Sheet” was distributed. The questionnaire was 471
sent to the main stakeholders of the port sector. The aim was to collect concrete examples. 472
In particular, it was wanted to document real cases of implementation of the twelve good 473
practices previously identified during the research. 474

This activity allowed for the integration of further empirical evidence and reinforced 475
the validity and relevance of the selected practices through the analysis of concrete exam- 476
ples. Stakeholder engagement goes beyond mere data collection: it also informs the devel- 477
opment of practical operational interventions and targeted training modules. The pro- 478
posed sustainability practices are more likely to be accepted and implemented if those 479
responsible for carrying them out are involved early in the evaluation and development 480
process. When stakeholders actively contribute to formulating solutions, they are more 481
motivated and empowered to adopt them. In this way, the acceptance of sustainability 482
measures increases, as does the likelihood that these measures will be successfully imple- 483
mented in the operational context. 484

Integrating a wide range of operational perspectives and adopting a rigorous meth- 485
odological approach ensures that the selected practices are genuinely sustainable, effi- 486
cient, and applicable. Furthermore, the active involvement of stakeholders enhances the 487
practicality of the proposed solutions, improving the likelihood that they will be success- 488
fully adopted and implemented in port operations. 489

3.6 Data analysis methods 490

The qualitative data collected through desk research were analysed using thematic 491
content analysis, a recognised method that allows researchers to identify, organise, inter- 492
pret, and effectively report themes within textual data. This approach is particularly use- 493
ful for exploring complex phenomena, such as sustainable practices in port operations 494
[28,36]. Specifically, qualitative data from literature reviews, institutional documents, re- 495
sults from questionnaires, and the Case Study Identification Sheets administered were 496
processed and coded using NVivo software. This tool is widely recognised as an effective = 497
resource for qualitative data analysis, helping to improve transparency, consistency, and 498
replicability in the process of thematic coding and categorisation [37,43]. It supported the = 499
identification of major themes and practices, offering a clear and organised interpretation 500
of the qualitative findings in line with the research aims and theoretical foundations. Asa 501
core component of this study, a dedicated “Case Study Identification Sheet” was devel- 502
oped to gather insights on the practical application of the sustainability practices identi- 503
fied previously. Stakeholders were encouraged to provide detailed descriptions of their 504
specific operational contexts, outline any challenges they faced during implementation, 505
document the results achieved, and explain how these sustainability measures corre- 506
sponded with existing regulatory guidelines. 507

In addition, quantitative data were systematically collected through structured ques- 508
tionnaires directed at prominent stakeholders in port operations. The gathered responses 509
were processed using Microsoft Excel, employing descriptive statistical techniques such 510
as mean scores, standard deviations, and frequency distributions for each evaluated sus- 511
tainability practice. By combining Likert-scale survey responses with these statistical 512
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methods, the analysis clearly captured stakeholder perspectives, effectively highlighting 513
environmental, economic, social, technical, and institutional aspects [18,27,38]. The ques- 514
tionnaire featured both closed- and open-ended questions. Using this descriptive statisti- 515
cal approach was well-suited to evaluate perceptions of effectiveness, feasibility, and ap- 516
plicability of the practices among different stakeholder groups, enhancing the clarity of 517
the findings and providing practical insights from the survey responses [39]. 518

An integrated analytical methodology was employed, mixing insights derived from 519
qualitative thematic analysis with quantitative assessments based on established evalua- 520
tion criteria. By cross-validating results obtained from both qualitative and quantitative 521
data sets, the robustness and dependability of the research findings were substantially 522
improved [25,34,37]. This combined methodological framework ensured that the recom- 523
mendations generated were strongly supported by empirical evidence and specifically 524
customised to the unique operational contexts studied. The integration of qualitative 525
depth and quantitative rigor enabled the formulation of actionable, stakeholder-validated 526
strategies for reducing emissions and promoting sustainable operations in technical-nau- 527
tical port services [18,38,39]. All collected data were anonymised and handled according 528
to ethical research guidelines. Respondents gave their informed consent after being as- 529
sured of the study’s goal and the confidentiality of the data. The 1964 Helsinki Declara- 530
tion, its subsequent revisions, and similar ethical guidelines were followed when conduct- 531

ing the study. In Figure 3 is explained the research design described above. 532
Figure 3 — Research design 533
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4. Results and Discussion 536
4.1 Results 537

The evaluation process of sustainability practices in port operations was based ona 538
set of specific parameters developed to assess the multidimensional effectiveness of each 539
proposed solution. The evaluation revealed that five of the initially identified practices 540
were not assessed by the respondents and were therefore excluded from the final phase 541
of selecting the best practices. The remaining practices were evaluated through ten stand- 542
ardised parameters, with a scoring methodology that ensured consistency and objectivity = 543
by calculating the arithmetic mean of all stakeholder responses. The overall score of each 544
sustainability practice was calculated as the average of the ratings provided by stakehold- 545
ers on the different criteria. These aggregated scores made it possible to rank the practices. 546
This made it possible to identify the most impactful and feasible solutions. Among the 547
evaluated initiatives, “Continuous training and updates for pilots” received the highest 548
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score. This highlights the importance of continuous skills improvement to increase oper- 549
ational efficiency and achieve better environmental results. “Real-time route optimisa- 550
tion” and “Continuous emission monitoring” also received high scores. Both were praised 551
for reducing fuel consumption and strengthening environmental management. 552

Practices targeting reductions in greenhouse gas emissions, like “Operational speed 553
optimisation” and “Minimising engine running time”, also stood out for their substantial =~ 554
potential to achieve fuel economy. While initiatives such as “Implementation of eco- 555
friendly propulsion systems” necessitate considerable initial investments, their long-term 556
benefits, such as lowered operational expenses and significant contributions to broader 557
ecological transition goals, highlight their strategic significance for sustainable port man- 558
agement. 559

Stakeholder acceptance emerged as a key determinant influencing the practical fea- 560
sibility of the recommended solutions. Initiatives such as continuous training and real- 561
time emission monitoring received wide support. They were mainly appreciated for their 562
immediate and tangible health and safety benefits. In contrast, more transformative prac- 563
tices, such as switching to alternative biofuels, met with more resistance. The main diffi- 564
culties are related to technical obstacles in integration and the complexity of maintenance 565
operations. Government support has played a key role in the success of these practices. 566
Generally, support has been greatest for measures that are economically viable and com- 567
ply with existing regulations. A coordinated effort between public institutions and private 568
actors proved essential. This has accelerated the move towards a more sustainable navi- 569
gation system. 570

Z-scores were applied to standardise the data to assist in comparing different prac- 571
tices—particularly regarding emission reductions, fuel efficiency, and other key metrics. 572
Positive Z-scores indicated practices with a significantly positive impact compared to the 573
other elements analysed, while negative scores highlighted areas for improvement. 574

Subsequently, the selected practices were validated in a few case studies, which were 575
appropriately identified and provided concrete feedback on their applicability in real- 576
world port settings. The case studies validated the effectiveness of the selected practices, 577
showing that the solutions identified during the evaluation phase could be successfully 578
applied in real operational settings. The implementation of the selected practices pro- 579
duced measurable improvements. In particular, benefits were observed in the reduction 580
of emissions, optimisation of fuel consumption and overall operational sustainability. 581
These results confirmed the empirical validity of the insights gained in the previous 582
phases of the research. During the fieldwork phase, stakeholders provided new sugges- 583
tions. Through open feedback, four new practices were proposed. Consequently, these 584
additional practices were integrated into the initial list. At the same time, five of the orig- 585
inal 13 practices were excluded. The decision was due to inadequate evaluation or lack of 586
operational relevance. This iterative process culminated in a refined and validated final 587
set of 12 practices, as illustrated in Figure 4. 588

Figure 4 - Ranking of the 12 best practices 589
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The use of colour is intended to facilitate the visual interpretation of the ranking re- 591
sults. In particular, green highlights the highest values, which correspond to more favour- 592
able performances or evaluations. Red, on the other hand, indicates the lowest values, 593
which reflect relatively less significant results. No fixed thresholds or absolute reference 594
values were employed. Instead, the colour scale was determined exclusively by the rela- 595
tive ranking of scores. This method facilitates an intuitive comparative analysis of the 59

data, avoiding the introduction of arbitrary evaluation benchmarks. 597
598
4.2. Discussion 599

The selected operational practices aim to generate substantial impacts across envi- 600
ronmental, economic, and social dimensions. Each dimension was thoroughly evaluated, 601
considering the distinctive attributes of port environments and the strategic objectives of ~ 602
the study, primarily promoting sustainability, enhancing operational efficiency, and im- 603
proving local community welfare. The research outcomes support and expand existing 604
theoretical perspectives, highlighting sustainability’s multifaceted and interconnected na- 605
ture in port operations [1,3,6,7]. 606

From an environmental perspective, the identified practices specifically target a sub- 607
stantial reduction in the ecological impacts linked to port activities. 608

Particular emphasis is placed on curbing emissions of greenhouse gases and major 609
air pollutants, including carbon dioxide (CO,), nitrogen oxides (NOy), sulphur oxides 610
(S5Oy), and fine particulate matter (PM10 and PM2.5), all of which contribute heavily to the 611
deterioration of air quality in port areas. This reduction is pursued through the adoption 612
of integrated strategies that include the optimisation of navigation routes, the introduc- 613
tion of eco-friendly propulsion systems (such as hybrid or electric engines), and the use 614
of alternative fuels, such as biodiesel or liquefied natural gas (LNG). The emphasis on 615
technological solutions —such as real-time emission monitoring, the electrification of port 616
equipment, and the use of Onshore Power Supply (OPS) systems —reflects the growing 617
consensus in the literature that innovation is a critical enabler of sustainable port logistics ~ 618
[1,3,6,7]. 619

Among the implemented technologies, continuous emissions monitoring systems 620
stand out as a critical advancement for achieving environmental sustainability. These sys- 621
tems enable real-time tracking of environmental performance for vehicles and port infra- 622
structures, promptly identifying inefficiencies and facilitating rapid interventions to re- 623
duce ecological harm. Continuous monitoring not only improves operational 624
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effectiveness but also enhances transparency and accountability, providing measurable 625
environmental progress to stakeholders and local communities. 626
627

Energy management is another key priority in sustainability efforts. By minimising 628
energy waste through operational improvements and adopting energy-efficient technol- 629
ogies, ports can significantly decrease their environmental footprint and improve overall 630
operational efficiency. One notable example is the use of OPS (Onshore Power Supply) 631
systems, which allow ships to switch off their engines while docked, substantially cutting 632
emissions and reducing noise pollution. Already operational in various European ports, 633
OPS represents a tangible advancement toward the decarbonisation of maritime opera- 634
tions and supports achieving the climate goals set by the European Union. 635
The integrated approach to environmental sustainability aims to create a culturaland 636
behavioural change within the port sector, raising awareness among operators about the 637
importance of adopting ecologically responsible practices. This change is supported by 638
continuous training programs and the integration of sustainability into educational path- 639
ways, with the goal of developing a new generation of professionals aware of their rolein 640
the ecological transition. 641
From an economic standpoint, the selected practices aim to enhance operational effi- 642
ciency and reinforce the competitive position of ports by reducing costs linked to energy 643
consumption, equipment maintenance, and resource management. Initiatives such as op- 644
timising navigation routes, minimising operational downtime, and adopting advanced 645
technologies contribute directly to improving productivity, resulting in tangible cost sav- 646
ings and higher returns on investment. These outcomes align with existing research, 647
which identifies operational optimisation —particularly within technical-nautical services 648
like tugboat and pilotage operations —as a key driver of sustainability [15,17,18]. 649
In addition, the shift toward sustainable practices creates new market opportunities, 650
encouraging the growth of innovative sectors such as green energy production, electric 651
mobility, and waste management. This integrated approach helps make ports more resil- 652
ient and capable of facing future challenges in an increasingly competitive and sustaina- 653
bility-oriented global context. 654
The social dimension of the selected practices is evident in both stakeholder evalua- 655
tions and the empirical case studies. Training programs and worker participation were 656
consistently rated as impactful and feasible, emphasising the importance of human capital 657
development alongside technological innovation. These findings corroborate earlier stud- 658
ies emphasising the limits of stand-alone technology adoption, and the need to embed 659
behavioural and cultural change through education and engagement [19,20,24]. Stake- 660
holder feedback highlighted that the successful implementation of new practices is more 661
likely when personnel are involved from the early stages of planning and evaluation. This 662
observation aligns with theoretical perspectives that stress the importance of social legiti- 663
macy and user engagement in driving the sustainable transformation of port services 664
[24,28,30]. 665
The analysis also highlighted the critical importance of institutional and community- 666
level interactions in driving sustainability within port operations. Initiatives related to 667
regulatory incentives, efforts toward greater transparency, and active stakeholder engage- 668
ment were particularly well-received by respondents, aligning with prior research em- 669
phasising the significance of governance involving multiple actors and cohesive stake- 670
holder collaboration [6,13,32]. This is particularly true for ports situated in environmen- 671
tally vulnerable areas, where governance models that incorporate diverse stakeholder 672
perspectives and balance regulatory adherence with community expectations can yield 673
substantial benefits. 674
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These findings collectively underscore the necessity of implementing a holistic, mul- 675
tidimensional evaluation framework that effectively integrates environmental, economic, 676
social, technical, and institutional aspects. This integrated perspective reflects the com- 677
plexity characteristic of contemporary port environments, emphasising strategic cooper- 678
ation among port management, operational staff, technology firms, and institutional 679
stakeholders. The results reaffirm that sustainable transformations in ports require not 680
only advancements in technology but also dedicated human efforts, robust organisational 681
support, and comprehensive governance frameworks [6,13,32]. 682

4.3 Theoretical and managerial implications 683

This study presents an innovative theoretical framework for analysing port dynamics. 684
It proposes managerial practices aimed at improving the sustainability and operational 685
efficiency of the sector. The research is based on a multidimensional approach. It 686
integrates environmental, economic, social, technical and institutional parameters intoa 687
single assessment model. This perspective allows for overcoming traditional sectoral 688
analyses, which often focus on a single dimension of sustainability, and proposes a more 689
comprehensive method for identifying and selecting the most effective operational 690
practices [1,3,6,13]. 691

The theoretical framework has been reinforced through rigorous desk research, 692
which systematised key scientific and regulatory evidence on port sustainability, as well =~ 693
as through extensive field analysis to assess the applicability of the proposed model in 694
real operational contexts. This study has brought to light the intricate interplay between 695
technological innovation, human behaviour, and governance frameworks, emphasising 696
that the successful adoption of new solutions requires the active participation of all actors 697
within the port sector. It becomes evident that infrastructure projects or technological 698
enhancements do not solely cover the path toward sustainable port development; they 699
equally rely on integrating these advancements into a comprehensive strategy that aligns 700
with port communities’ economic and social priorities. 701

From a management point of view, the results offer useful indications for improving 702
port operations. In particular, they highlight the importance of implementing strategies 703
to reduce emissions and optimise resource consumption. It is also crucial to develop 704
specialised training initiatives to strengthen organisational skills. The results show that 705
the most effective pathways combine technological progress with organisational 706
flexibility. This approach allows a gradual transformation of management practices. These 707
insights are consistent with the most recent literature on the digitisation of ports. They 708
emphasise the growing importance of data-driven decision-making, especially with 709
regard to the adoption of digital tools and digital twinning systems [9,15,18]. 710

In addition, training proves to be a key driver of transformation. It disseminates 711
technical skills and industry-specific knowledge among different stakeholder groups. It 712
also promotes large-scale operational improvements. To meet the diverse and evolving 713
needs of the port sector, the study proposes a modular training architecture. A blended 714
approach is recommended. This combines formal academic education, continuing 715
vocational training for current workers and trainer training models. This approach is 716
considered effective in accelerating the integration of sustainable practices throughout the 717
port community. 718

In a rapidly evolving regulatory and technological landscape, the ability to 719
continuously update and upskill personnel is a key factor in enhancing the overall 720
competitiveness of the port system. These results further support the literature that 721
emphasises the importance of behavioural training and engagement in the successful 722
implementation of sustainability strategies [23,24,28]. 723
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The results of the qualitative and quantitative analyses confirm the importance of 724
collaboration between the various actors in port operations. The active participation of 725
ports, institutional bodies, trade associations and local stakeholders is crucial. It serves to 726
promote transparent governance structures and to achieve long-term strategic objectives. 727
Strengthening cooperation between institutions facilitates the implementation of 728
coordinated sustainability strategies. It also helps to overcome difficulties caused by 729
fragmented responsibilities and different regulatory frameworks in port ecosystems. 730
Besides contributing to the academic debate on the sustainable management of port 731
services, the methodological framework proposed in this study offers a practical tool. Itis 732
useful for guiding strategic decisions in the sector. The analysis of collected data and 733
evidence enables the identification of actionable solutions and the formulation of strategic ~ 734
recommendations beneficial to industry operators. This reinforces prior findings about 735
the role of institutional incentives and participatory stakeholder approaches in enabling 736
effective transitions [6,13,28]. The results of the study underscore the importance of 737
adopting an integrated vision of sustainability —one that goes beyond mere regulatory 738
compliance to also strengthen operational efficiency and enhance the global 739
competitiveness of European ports. Achieving a more sustainable and efficient port 740
system requires a fundamental reorientation of management strategies, where the 741
adoption of technological innovations is accompanied by deep cultural and organisational 742
change. Sustainable growth in the sector can only be realised through a systemic and 743
collaborative approach that addresses the interconnected challenges posed by both 744
ecological imperatives and the ongoing digital transformation. 745

5. Conclusion 746

Through the analysis, 12 operational practices were identified as particularly effec- 747
tive in advancing port operations’ environmental and economic sustainability. These 748
practices can be summarised in three main pillars: reducing emissions, improving opera- 749
tional efficiency, and strengthening stakeholder engagement through training and aware- 750
ness initiatives. 751

The first pillar focuses on mitigating the environmental impact of port activities by 752
promoting low-emission technologies, optimising fuel consumption, and implementing 753
systems for continuous environmental monitoring. The second pillar addresses the en- 754
hancement of resource and process management, emphasising strategies such as route 755
optimisation and deploying advanced digital tools for real-time energy monitoring. The 756
third pillar highlights the importance of human capital, advocating for continuous train- 757
ing programs that foster proactive and sustainable resource management behaviours 758
among port personnel. 759

Case study evidence clearly indicates that the implementation of these practices has 760
begun to produce measurable benefits. Ports that have integrated these sustainability 761
measures report meaningful reductions in emissions, decreased energy consumption, and 762
notable improvements in safety conditions for port workers. From an environmental 763
standpoint, the measures effectively reduce greenhouse gas emissions, optimise energy 764
efficiency, and mitigate detrimental impacts on coastal and marine ecosystems. 765

On the economic side, the adoption of these practices leads to substantial operational 766
cost reductions through improved resource efficiency and provides better access to incen- 767
tives related to green financing. Socially, these measures significantly enhance workplace 768
conditions and foster increased environmental consciousness among port employees. 769

In addition to immediate outcomes, this research presents a clear, structured, and 770
data-informed guide for port authorities and maritime operators, facilitating more effec- 771
tive prioritisation and implementation of sustainability actions. Nevertheless, to achieve 772
enduring results, two pivotal aspects must be addressed: strengthening institutional 773
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collaboration to guarantee widespread acceptance, and promoting a shift in organisa-
tional culture that prioritises responsible environmental management practices among all
involved stakeholders. Lastly, the research underscores the importance of conducting lon-
gitudinal studies to evaluate the sustained effectiveness of these practices over time, while
also recommending the extension of the developed evaluation framework to additional
logistics and transportation contexts to enhance its generalizability and overall impact.
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