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ABSTRACT

Emission calculation from handling equipment in inland container depots is crucial for
environmental management in logistics operations. This systematic review analyzes 47
high-quality papers selected from 942 initial studies to examine current emission
calculation methodologies. Results identify four main approaches: activity-based,
simulation-based, direct measurement, and integrated optimization methods. Terminal
tractors, RTG/RMG cranes, and reach stackers emerge as primary emission sources. Three
significant trends are identified: equipment electrification, integration of emission
calculations into terminal planning, and development of standardized toolkits. Key
challenges include data quality issues, lack of unified standards, and limited research on
pollutants beyond CO,. The study proposes three future research directions: developing
harmonized calculation frameworks that balance universal applicability with local factors,
comprehensive characterization of multi-pollutant emission profiles under real-world
conditions, and integration of real-time analytics and machine learning for dynamic
emission management. These advancements are essential for achieving sustainable
terminal operations while maintaining operational efficiency.

1. Introduction

The methodological landscape encompasses

The accurate calculation of emissions from
handling equipment in inland container depots
(ICDs) represents a critical
understanding and mitigating the environmental
impact of logistics operations [1]. Contemporary
research demonstrates

component in

a diverse array of
methodological approaches, each offering distinct
advantages in terms of complexity, accuracy, and
practical application [2-3].

several key approaches, ranging from activity-
based and bottom-up methods to advanced
simulation models and real-world measurement
systems. Among these, activity-based methods
have gained widespread adoption due to their
effective balance between accuracy and practical
implementation [1-2]. These methods leverage
detailed operational data combined with emission
factors to estimate carbon dioxide (CO;) and other
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pollutant emissions, while accounting for
equipment types, operational cycles, and terminal

layout configurations [2-6].

in the field have
simulation-based

Recent developments
increasingly =~ emphasized
models and real-time measurement systems [7-9].
These advanced tools capture the dynamic nature
of terminal operations more effectively and
provide
inventories.

valuable validation for emission
The of appropriate
methodology typically depends on several factors,
including data availability, specific pollutants of
interest such as CO; nitrogen oxides (NOxy),
particulate matter (PM), and sulfur oxides (SOx),

and the unique operational context of each ICD.

selection

A particularly significant trend in current
research involves the integration of emission
calculations comprehensive
planning and optimization frameworks [10-12].
This integration serves dual purposes: ensuring
regulatory compliance and advancing
sustainability initiatives within the logistics
sector. Such holistic approaches recognize that
emission management cannot be treated in
isolation but must be considered as an integral
part of terminal operations and strategic planning.

into terminal

Despite considerable progress in this field, the
industry continues to face substantial challenges.
The standardization of methodologies across
different contexts remains elusive, and ensuring
the accuracy of emission factors for diverse
equipment types and operational settings
presents ongoing difficulties [13-16]. These
challenges underscore the need for continued
research and collaboration among stakeholders to
develop more robust and universally applicable
frameworks.

This comprehensive review synthesizes the

latest research on emission calculation
methodologies for handling equipment in ICDs,
examining
highlighting key findings, and exploring practical
implications
management. The insights presented here provide
for and

working more

methodological developments,

for sustainable terminal

valuable guidance practitioners

researchers toward

environmentally responsible logistics operations.
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2. Systematic screening methodology

The systematic literature review followed a
rigorous multi-stage selection process to identify
relevant research on emission calculations for
handling equipment in ICDs. This comprehensive
literature review employed a rigorous four-stage
systematic review methodology to identify and
evaluate
methods for ICD handling equipment. The initial
search strategy yielded 942 potentially relevant
papers from multiple academic databases,
including Web of Science, Scopus, IEEE Xplore, and
ScienceDirect.

research on emission calculation

2.1. Stage 1: Initial screening and duplicate removal

The first stage involved comprehensive
duplicate detection using both automated tools
and manual verification. During this phase, 358
duplicate entries were systematically removed
through cross-referencing DOl numbers, author
names, publication years, and title similarities. An
additional 41 papers were excluded due to
missing abstracts or incomplete bibliographic
information, reducing the dataset to 584 unique

papers for detailed evaluation.
2.2. Stage 2: Relevance assessment criteria

The second stage implemented a structured
relevance assessment protocol examining each
paper's direct applicability to ICD operations and
methodologies.  The
evaluation criteria included methodological rigor,
empirical validation, and practical applicability to
container handling equipment. This systematic
assessment eliminated 296 papers based on
specific exclusion criteria.

emission calculation

The excluded papers fell into four primary
categories. First, 127 papers focused exclusively
on transportation
addressing container handling equipment at ICDs.
Second, 89 studies examined emission calculation

road vehicles without

methods but lacked application to logistics
operations. Third, 52 papers presented purely
theoretical frameworks without empirical data or
practical implementation examples. Fourth, 28
studies geographical scope
limitations that prevented generalization to

demonstrated

broader ICD operations.
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2.3. Stage 3: Quality assessment framework

The third stage applied stringent quality
assessment criteria to the remaining 343 papers.
Each study underwent evaluation
methodological soundness, data
procedures, publication venue credibility, and
practical applicability. Papers were required to
demonstrate research  methodology,
validated data sources, publication in journals
with minimum impact factors of 1.5, and high
applicability to real-world ICD operations.

for
validation

clear

2.4. Stage 4: Final selection protocol

The final selection stage identified 47 high-
quality papers that provided
contributions understanding
calculation methods for ICD handling equipment.
These selected studies demonstrated
comprehensive coverage of different equipment
types including cranes, forklifts, and container
equipment, validated
methodologies, and practical implementation
frameworks suitable for diverse ICD operational
contexts.

substantive

to emission

movement calculation

3. Results
3.1. Methodological approaches

The literature reveals four primary
methodological approaches for calculating
emissions in inland container depots, each
offering distinct advantages different
operational contexts and research objectives.
Comparison of key studies on emission calculation
methods for ICD handling equipment is shown in

Table 1.

for

3.1.1. Activity-based approaches

Activity-based methods, also known as bottom-
up approaches, represent the most widely
adopted framework in current practice. These

methods leverage detailed operational data
including equipment operating hours, fuel
consumption rates, and movement cycles,

combining them with established emission factors
to generate estimates for each equipment type [1-
3, 6-8]. The granularity of this approach allows for
highly  adaptable that
accommodate the specific characteristics of

calculations can

28

individual terminals while maintaining
consistency with standardized emission factor
databases. The widespread adoption of activity-
based methods stems from their ability to balance
data requirements with practical implementation
considerations, making them particularly suitable

for routine emission monitoring and reporting.
3.1.2. Simulation-based approaches

Simulation-based models have emerged as
powerful tools for understanding the complex
dynamics of terminal operations and their
environmental implications.
increasingly employ discrete-event and agent-
based simulations to model terminal activities and
estimate emissions under diverse operational
scenarios. These models
valuable when evaluating potential changes to
terminal operations, such as equipment allocation
strategies or transitions to electrified handling
equipment [9-15]. The ability to test multiple
scenarios without disrupting actual operations
makes simulation an essential tool for strategic
planning and investment decision-making.

Researchers

prove particularly

3.1.3. Direct measurement approaches

Direct measurement approaches
portable emission measurement systems (PEMS)
and real-time monitoring technologies provide
the most accurate representation of actual
emissions from handling equipment. These
methods  capture real-world operational
conditions and equipment performance variations
that may not be fully reflected in standardized
emission factors. Beyond providing immediate
emission data, direct measurement serves a crucial
validation function, enabling researchers to refine
emission factors and verify the accuracy of emission
inventories developed through other methods [16,
17].

utilizing

3.1.4. Hybrid and optimization approaches

The evolution toward hybrid and optimization
models represents a significant advancement in

integrating environmental considerations into
management. These  sophisticated

combine  emission calculation

terminal

frameworks
capabilities with optimization algorithms to address
multiple objectives simultaneously. Applications
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include terminal layout planning, equipment
scheduling optimization, and investment analysis for
emission reduction projects [18-32]. By embedding

emission calculations within broader decision-

support systems, these models facilitate the
development of strategies that balance operational
efficiency with environmental performance.

type specifications, fuel quality, duty cycle
characteristics, and specific operational patterns

Table 1. Comparison of key studies on emission calculation methods for ICD handling equipment.

Methodology Equipment

Activity-based Terminal tractors, CHE

Activity-based Terminal tractors, trucks

Activity-based,
OFFROAD model
Three-stage model,

CHE

Key results Validation/Accuracy
0.011335 tCO2¢e/TEU; tractors Case study, scenario
dominant source analysis
42.39% CO2 from tractors; 0.01259 Performance
tCOz/TEU indicator for MobES
PM10, PM2.5, NOy, SO, CO, HC Compared to previous
emissions quantified fuel-based estimates
Energy consumption per cycle and Performance
total; 2200-13,470 kWh/day indicator for MobES

RTGs, RMGs, AGV
design-based S S s

Activity-based,
movement theory

Cranes, RTGs, trucks,
stackers

CO2 emissions by equipment;
cranes 56%, RTGs 27%, trucks

<19% deviation from
actual data
149%, stackers 3%

3.2. Key Findings on Emission Sources and Factors
3.2.1. Dominant emission sources

The research consistently identifies specific
equipment types as the dominant contributors to
emissions within inland container depots and
container terminals. Terminal tractors, various
crane configurations including rubber-tired
gantry cranes and rail-mounted gantry cranes,
and reach stackers emerge as the primary sources
of both CO; and other pollutant emissions [1-3, 5,
23]. This finding remains remarkably consistent
across different geographical locations and
terminal configurations, suggesting that emission
reduction strategies should prioritize these
equipment categories. The concentration of
emissions among these key equipment types also
indicates that targeted interventions focusing on
these assets could yield disproportionately
significant environmental benefits.

3.2.2. Emission factors and variability

A critical insight from the literature concerns
the substantial variability in emission factors
across different operational contexts. While
standardized emission factors provide a useful
baseline calculations,
frequently

for real-world

measurements reveal significant
deviations from these theoretical values. Factors

contributing to this variability include equipment

29

each terminal. most
actual emissions

standards, sometimes by

margins.  This  discrepancy
underscores the limitations of relying solely on
specifications or regulatory
standards for emission calculations. The findings
strongly advocate for emission
surveillance programs and the development of
locally calibrated emission factors that reflect the
actual operating conditions of specific terminals
[16,17,19, 33].

unique to
significantly,
certification

considerable

Perhaps
often exceed

manufacturer

routine

3.2.3. Impact of terminal layout and operations

The influence of terminal design and
operational practices emission profiles
represents another crucial finding [5, 14, 28].
Research demonstrates that terminal layout
configurations, whether employing parallel or
perpendicular arrangements, can materially
impact total emissions through their effects on

equipment travel

on

distances and operational

efficiency. Equipment allocation strategies
similarly influence emission patterns, with
optimized deployment potentially reducing

unnecessary movements and idle time. Yard
congestion emerges as a particularly important
factor, as it leads to increased equipmentidle time,
longer travel distances, and reduced operational
efficiency, all of which contribute to higher
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emissions. While some layout modifications offer
only marginal improvements in energy efficiency
and emission reduction, the cumulative effect of
multiple design and operational optimizations can
be substantial. These findings emphasize the
importance of considering environmental impacts
during the planning phase
continuously optimizing operations to minimize
emissions.

terminal and

3.3. Innovations and Trends
3.3.1. Electrification and alternative fuels

The transition toward electrification and
alternative fuels represents one of the most
significant technological shifts reducing
emissions from handling equipment in inland
container depots. Research demonstrates
substantial emission reduction potential through
the systematic of
equipment, with particular emphasis
converting diesel-powered assets to battery-
electric or hybrid alternatives. Simulation studies
and well-to-wheel analyses provide quantitative
evidence of these benefits, accounting not only for
operational emissions but also for the upstream
impacts of electricity generation and fuel
production. Beyond electrification, alternative
fuels such as liquefied natural gas and hydrogen
are gaining attention as transitional or long-term
solutions for equipment that may be challenging
to electrify due to operational requirements or
technological constraints. The literature reveals
that while the emission reduction benefits vary
depending the electricity  grid
composition and fuel supply chains, the overall
trajectory points toward significant
improvements in environmental performance.
These technological transitions, however, require
careful analysis of total cost of ownership,
infrastructure requirements, and operational
implications to ensure successful implementation
[9, 34, 35].

3.3.2. Integration with terminal planning

in

electrification terminal

on

on local

The integration of emission calculations into
comprehensive planning
management systems marks a fundamental shift

terminal and

from treating environmental considerations as an
afterthought to embedding them as core decision

30

criteria. Modern terminal design increasingly
incorporates modelling the
conceptual stage, allowing planners to evaluate
the environmental implications of different layout
options, equipment configurations,
operational strategies before construction begins.
This proactive approach extends to operational
decision-making, where emission considerations
are integrated equipment scheduling
algorithms, maintenance planning, and capacity
allocation decisions. Investment frameworks now
routinely include emission reduction potential as
a key evaluation criterion alongside traditional
metrics, reflecting the growing
recognition that environmental performance
directly impacts long-term competitiveness and
regulatory compliance. This holistic integration
supports the dual objectives of operational
efficiency and sustainability, demonstrating that
environmental  stewardship
performance can be mutually reinforcing rather
than conflicting goals [4, 20, 25, 28].

emission at

and

into

financial

and business

3.3.3. Standardization and toolkits

The development of standardized
methodologies and comprehensive toolkits
addresses a critical need for consistency and
comparability in emission reporting across the
logistics sector. International standards such as
ISO 14064-1 provide overarching frameworks for
greenhouse gas accounting, while sector-specific
initiatives like the GLEC Framework offer detailed
guidance tailored to logistics operations [6, 18,

36]. These standardization efforts facilitate
benchmarking across terminals and enable
meaningful comparisons of environmental

performance. Methodological toolkits increasingly
incorporate software tools and databases that
streamline the calculation process while ensuring

consistency with accepted standards. The
adoption of these standardized approaches
benefits  multiple  stakeholders: terminal

operators gain access to validated methodologies
and simplified reporting processes, regulators
receive comparable data for policy development
and compliance monitoring, and customers obtain
reliable information for their supply chain
emission assessments. As these frameworks

mature and gain wider adoption, they are
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expected to accelerate the industry's transition
toward more transparent and accountable
emission management practices.

3.4. Limitations and Challenges

The implementation of accurate emission
calculation methodologies faces several persistent
challenges that limit their effectiveness and
widespread adoption across inland container

depots. These limitations stem from both
technical constraints and institutional factors,
creating barriers to comprehensive

environmental assessment and management.
3.4.1. Data quality and availability

Data quality and availability emerge as
fundamental to precise
calculations. High-resolution operational data,
essential for accurate activity-based calculations,
often remains inaccessible due to inadequate data
collection systems or concerns about commercial
sensitivity [16, 18, 19]. Many terminals lack the
sophisticated monitoring infrastructure
necessary to capture detailed equipment usage
patterns, fuel consumption rates, and operational
cycles. Furthermore, the absence of locally
calibrated emission factors compounds these data
challenges. While generic emission factors
provide a starting point, they may not accurately
reflect the specific operating conditions,
equipment age profiles, and maintenance
practices characteristic of individual terminals.
This data scarcity forces researchers and
practitioners to rely on assumptions and
approximations that potentially compromise the
accuracy and reliability of emission estimates.

obstacles emission

3.4.2. Lack of standardization

The absence of accepted
methodological standards represents another
critical challenge impeding progress in emission
management. Despite various
develop standardized frameworks, the industry

universally

initiatives to
continues to grapple with multiple competing
approaches, each with different assumptions,
boundaries, and calculation procedures. This
methodological fragmentation creates significant
difficulties for stakeholders
benchmark performance across terminals or

attempting to
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integrate emission data into broader supply chain
assessments. The lack of standardization also
complicates regulatory compliance and voluntary
reporting initiatives, as different jurisdictions and
certification schemes may require incompatible
calculation = methods.  This  inconsistency
undermines efforts to establish industry-wide
emission reduction targets and track progress
toward environmental goals [6, 18].

3.4.3. Under-researched pollutants

The research literature reveals a concerning
imbalance in the pollutants addressed by current
emission calculation efforts. While CO, receives
extensive attention due to its climate change
implications, other significant pollutants remain
substantially under-researched despite their
severe environmental and public health impacts.
NOy, PM, and SO« from diesel-powered handling
equipment contribute quality
degradation and respiratory health problems,
particularly affecting communities adjacent to
logistics facilities [3, 19, 37, 38]. The limited focus
on these pollutants represents a significant gap in
understanding the full environmental footprint of
ICD operations. This narrow focus may lead to
emission reduction strategies that successfully
address climate impacts while inadvertently
neglecting or even exacerbating local air quality
concerns. Addressing this limitation requires
expanding research efforts and calculation
methodologies to encompass a  more
comprehensive range of pollutants, enabling truly
holistic environmental management strategies.

to local air

4., Discussion

The body of research examining emission
calculations for handling equipment in inland
container depots has reached a mature stage,

characterized by continuous methodological
refinement and increasing operational
sophistication. Contemporary approaches

demonstrate a clear evolution toward more
granular, data-driven methodologies that better
capture the complexity of terminal operations.
Activity-based and
established themselves as industry standards,
providing the
computational accuracy and practical flexibility to

simulation models have

necessary balance between
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accommodate diverse terminal contexts and
operational requirements [1-7].

A particularly encouraging development
involves the growing adoption of real-world
measurement and validation techniques, which
have substantially enhanced the reliability and
credibility of emission inventories [16-18, 39].
These empirical approaches provide crucial
feedback for refining theoretical models and
ensuring that calculated emissions reflect actual
operational conditions. Nevertheless, persistent
challenges in data collection infrastructure and
the absence of standardized protocols continue to
constrain the full potential of these validation
efforts [40].

The strategic integration of emission
calculations into comprehensive terminal
planning  and optimization frameworks

represents a paradigm shift in how the industry
approaches environmental management [20, 25,
28, 41-45]. This integration enables decision-
makers to evaluate emission implications
alongside operational financial
considerations, leading to more effective emission
reduction strategies and better-informed
investment decisions. The ability to model
environmental impacts during the planning phase,
than post-hoc  assessment,
fundamentally transforms the potential
achieving meaningful emission reductions.

and

rather as a

for

Despite these advances, significant gaps persist
in the current research landscape. The absence of
universally accepted methodological standards
continues to impede cross-terminal comparisons
and industry-wide benchmarking efforts.
Additionally,  the  research  community's
predominant focus on CO; emissions, while
understandable given climate change concerns,
has resulted in the relative neglect of other
environmentally significant pollutants and
specific operational scenarios that may have

disproportionate local impacts.

The quality and depth of available evidence
varies considerably across different aspects of
emission calculation. Research addressing CO;
emissions and energy consumption demonstrates
high methodological rigor and comprehensive
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coverage. However, investigations into other
pollutants such as nitrogen oxides, particulate
matter, and sulfur oxides remain comparatively
underdeveloped. Moving forward, the field
requires harmonize
methodologies across geographical regions and
equipment types while expanding the scope of
analysis to encompass the full spectrum of
impacts associated with ICD
operations. Only through such comprehensive
approaches can the
effective  strategies
environmental footprint
operational efficiency. Matrix of research topics
and methods, highlighting area with limited
coverage in the literature is shown in Table 2.

concerted efforts to

environmental

industry develop truly

for  minimizing its

while maintaining

The notable absence of studies from developing
regions represents a critical gap in understanding
ICD operations where logistics activities are
rapidly expanding. ICDs in Southeast Asia, South
Asia, and Africa operate under fundamentally
different conditions including aging equipment
fleets, tropical climatic conditions affecting fuel
consumption, lower operational density but
extended operating hours, and limited
infrastructure. These factors can cause significant
deviations from emission factors developed using
temperate climate data, with preliminary studies
indicating 8-15% higher fuel consumption in high-
temperature, high-humidity environments.

To address these challenges, we propose a
three-tier framework for adapting existing
calculation methods to local conditions:

Tier 1 - Basic factor adjustment: Develop
climate correction factors for local temperature,
humidity, and fuel quality conditions. Initial
research suggests temperature-humidity indices
can systematically adjust baseline emission
factors for tropical operations.

Tier 2 - Operational model adaptation: Modify
operational parameters reflecting regional work
density patterns, cycle characteristics,
equipment utilization profiles. Many developing
region ICDs exhibit lower throughput intensity
but longer operational periods, affecting idle-time

and

ratios and total emissions.
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Tier 3 Socio-economic  integration:
Incorporate  technology accessibility,
environmental policies, and investment capacity
to ensure emission reduction solutions remain
feasible within regional constraints.

local

This framework enhances calculation accuracy
while providing foundations for developing
region-appropriate emission reduction strategies
that balance global sustainability goals with local
implementation realities.

Table 2. Matrix of research topics and methods, highlighting area with limited coverage in the literature.

) Activity- Simulation Direct Optimization;  Standardization/
Topic/Method based Measurement Planning Toolkit
CO2Z/energy 12 7 3 5 4
emissions
NOx/PM/SOx 4 2 2 1 1
emissions
Equipment-specific 8 4 2 3 2
analysis
Terminal 5 3 1 2 1
layout/operations
Alternative 3 3 1 2 1

fuels/electrification

5. Conclusion

The comprehensive analysis of emission
calculation = methodologies  for  handling
equipment in inland container depots reveals a
field that has achieved considerable maturity
while simultaneously facing significant challenges.
The evolution from rudimentary estimation
techniques to sophisticated activity-based models,
advanced simulations,
measurement systems represents substantial
progress environmental  assessment
capabilities. These methodological advances have
transformed data
estimates [46] into practical tools that inform
operational decisions and strategic planning. The
particular strength in carbon dioxide and energy
research provides a robust
foundation for impact assessment,
supported by extensive validation studies and
operational implementation
terminal contexts.

and real-world

in

emission from abstract

consumption
climate

across diverse

5.1. Research gaps

Critical gaps in the current research landscape
the  comprehensive
understanding and management of emissions

continue to limit
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from ICD operations [47, 48]. The most pressing
gap concerns the persistentlack of methodological
standardization, which
performance benchmarking and impedes the
development of industry-wide emission reduction
strategies. This standardization challenge extends
beyond mere technical specifications to
encompass fundamental questions about system
boundaries, allocation methods, and reporting
framework. The limited attention to non-CO;
pollutants represents another significant research
gap with serious implications for public health and
local environmental quality. While climate change
considerations justify the focus on greenhouse
gases, the relative neglect of nitrogen oxides,
particulate matter, and sulfur oxides leaves
communities adjacent to logistics
potentially exposed to unquantified health risks.
This gap becomes particularly concerning as
terminals pursue decarbonization strategies that

creates Dbarriers to

facilities

may inadvertently affect local air quality in
unforeseen ways.

Furthermore,
methodologies

the application of existing

across diverse ICD contexts
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reveals limitations in their adaptability and
transferability. Research has predominantly
focused on large-scale facilities in developed
economies, leaving smaller terminals and those in
developing regions underrepresented. The unique
operational characteristics, equipment profiles,
and regulatory environments of these facilities
require approaches that
methodologies may not adequately address.

tailored current

5.2. Further studies

To address the limitations identified in current
research and meet the practical needs of the
logistics industry, future research directions must
be specified with clear objectives,
timelines, and directly applicable deliverables.
Rather than general orientations, the following
seven priority research objectives are designed to
address specific knowledge gaps and create
practical tools for ICD managers.

feasible

52.1. Standardized
frameworks for Vietnam contexts

emission calculation

Specific Research Priority 1: Develop climate-
adjusted emission factors for CHEs operating in
tropical conditions (temperature >30°C, humidity
>80%), targeting accuracy within +5% of direct
This study should produce
validated correction factors applicable across
Southeast Asian region or Vietnam.

measurements.

Specific Research Priority 2: Create simplified
calculation protocols for small-scale ICDs
(throughput <50,000 TEU/year, <10 equipment
units) that require minimal data inputs while
maintaining regulatory compliance standards.

Specific Research Priority 3: Establish
integrated yard planning algorithms that
simultaneously optimize container stacking

patterns and equipment routing while achieving
emission reduction targets of 10-15%. Focus on
developing decision support tools for medium-
scale terminals (50,000-200,000 TEU /year).

52.2. Equipment-specific multi-pollutant
characterization
Specific Research Priority 4: Conduct

comprehensive emission profiling for NOy, PMy,,
PM,.5, and SOy from RTG/RMG cranes under
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varying load conditions and maintenance states.
Target: establish emission factors for equipment
age categories (0-5, 5-10, >10 years) with
statistical confidence >95%.

Specific Research Priority 5: Develop emission
profiles for electrified equipment combinations,
including hybrid systems and battery-electric
alternatives, incorporating well-to-wheel analysis
for different electricity grid compositions.

5.2.3. Technology-enabled emission monitoring and
management

Specific Research Priority 6: Design cost-
effective real-time monitoring systems using loT
sensors and PEMS integration for continuous
emission tracking. Target implementation cost
<$50,000 per terminal with payback period under
3 years through operational optimization.

Specific Research Priority 7: Create machine
learning models predictive
forecasting based on operational schedules,
weather conditions, and equipment performance
data. Focus on 24-48 hour prediction accuracy
>85% to enable proactive emission management
decisions.

for emission

These seven priority research objectives form a
comprehensive program transforming emission
management from static assessment to dynamic,

adaptive systems. Success requires close
collaboration between research institutions,
terminal operators, and equipment

manufacturers, supported by an international
data sharing platform incorporating standardized
data
commercial sensitivity, and secure APIs. This
platform aligns with digital transformation trends
in logistics, leveraging cloud computing, IoT
integration, and machine learning to evolve from
repositories intelligent systems
providing emission insights

structures, tiered access controls for

static into

real-time and

automated compliance reporting.

These initiatives will contribute to global
goals creating
sustainable competitive advantages for ICDs
through operational optimization and compliance
with stringent environmental standards. The

emission reduction while

methodologies and insights presented provide
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essential foundations for achieving sustainable
terminal operations in an era of increasing
environmental accountability and supply chain
transparency requirements.
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