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ABSTRACT

This study addresses the critical need for decarbonization in offshore marine logistics by developing an
integrated modeling framework to support low-emission operations across complex, multi-echelon vessel
networks. It focuses on port-to-platform supply chains serving offshore wind farms, oil rigs, and floating logistics
hubs. A hybrid analytical approach was adopted, combining Mixed-Integer Linear Programming (MILP) for
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optimizing emission-minimizing routing, Discrete-Event Simulation (DES) to evaluate offshore scheduling
performance under variability, and a Multi-Criteria Decision Analysis (MCDA) model using AHP-TOPSIS to rank
alternative marine fuel types. Monte Carlo simulation was also employed to assess cost and delivery fluctuations
across uncertain operational scenarios. Data inputs were compiled from real-world offshore fleet specifications,
port emissions records, and marine fuel technology benchmarks. MILP-based network flow optimization reduced
CO, emissions by 22% while maintaining service reliability across all demand points. DES simulations revealed
congestion-driven scheduling delays during peak vessel utilization. MCDA analysis ranked bio-LNG and hydrogen
propulsion systems as optimal choices based on emission, cost, and availability trade-offs. Hypothesis testing
confirmed significant relationships between fuel type, network structure, and emission performance. The study
demonstrates how multi-echelon logistics planning, integrated with emissions-based modeling, can facilitate
environmentally responsible marine supply chain design. The framework offers practical guidance for offshore
fleet managers, port authorities, and policy regulators aiming to align operational efficiency with decarbonization
objectives under IMO and EU directives.

Keywords: Decarbonization; Offshore Logistics; Multi-Echelon Supply Chain; Emission Optimization; Marine Fuel
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1. Introduction

The shipping industry is responsible for almost 3%
of global greenhouse gas (GHG) emissions every year
M so it is now a global priority to decarbonize it. The
container shipping industry has received significant ac-
ademic and regulatory attention for its emissions foot-
print. However, the offshore marine logistics segment,
which supports oil, gas, wind, and aquaculture opera-
tions, has received relatively little attention in environ-
mental optimization studies '?. Offshore logistics are
different from deep-sea freight transport because they
involve numerous short- to medium-range trips be-
tween coastal ports, floating platforms, and remote in-
stallations. These trips use much fuel and are limited by
weather, sea conditions, and the availability of assets B4
Most planning models in this area only look at cost and
time efficiency, and they rarely consider carbon per-
formance as a decision factor. The lack of integration of
sustainability is especially bad because regulations are
getting stricter. For example, the IMO’s decarbonization
strategy aims to cut CO, intensity by 70% by 2050 "',
Also, operational models often overlook the fact that
offshore supply systems have multiple levels. For ex-
ample, cargo may go through floating logistics hubs or
support vessels before it gets to its final destination.
This study fills in that gap by creating multi-echelon lo-

gistics models that clearly aim to lower emissions while

keeping operational performance high.

Even though there is more support for maritime
decarbonization in policies and industries, current off-
shore logistics practices are still not very efficient for
the environment and use a lot of different technologies.
Most current routing frameworks use linear, direct-de-
livery logic and do utilize hierarchical logistics struc-
tures like intermediate hubs or floating supply depots
(671 At the same time, emissions are not seen as built-in
goals in optimization models; instead, they are seen as
ex-post metrics . When making decisions about fuel
type, operational analytics are usually not taken into
account. There are not many tools that let you look at
cost, reliability, and carbon efficiency all at once. This
makes it very hard for vessel operators, regulators, and
infrastructure managers who want to decarbonize off-
shore operations to plan.

This study meets a current and important need for
planning tools in offshore marine logistics that are da-
ta-driven and focused on reducing carbon emissions.
From an academic point of view, the study adds to the
body of knowledge in three main ways. First, it takes
green supply chain modeling frameworks and applies
them to offshore maritime settings, which is a field
where sustainability modeling is still in its early stages
19 Second, it makes carbon intensity metrics (like CO,
per ton-mile) work in mathematical models of vessel

routing. This closes the gap between planning logis-
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tics and assessing the environmental impact ", Third,
it improves the way methods are used by combining
simulation, optimization, and decision analysis to help
make trade-offs between multiple criteria in maritime
environments characterized by high uncertainty.

The study makes several new contributions. It is
one of the first to use multi-echelon logistics mod-
eling on offshore vessel networks, which is different
from the port-based hub models that are often used
in container shipping "% This study goes beyond just
measuring emissions, unlike other studies. It includes
carbon emissions in the objective functions of network
flow and MILP models. It also comes up with the idea
of floating logistics hubs, which combines planning for
infrastructure with optimizing fleets. This builds on
ideas that Afpriyanto et al. "* had before. Finally, the
study uses multi-criteria decision analysis (MCDA) in a
simulated uncertain environment, which is in line with
calls for more reliable decision-support tools in marine
logistics '),

This study offers several novel contributions to the
fields of maritime logistics, sustainable supply chain
management, and offshore decarbonization both meth-
odologically and contextually. First, while multi-echelon
models have been widely applied in terrestrial logistics,
this research is among the first to adapt a multi-echelon
supply chain framework to offshore vessel networks.
By incorporating floating logistics hubs, port-to-hub
routing, and last-mile vessel delivery to offshore instal-
lations, the study introduces a marine-specific logistics
structure that reflects the operational realities of off-
shore wind, oil, and hybrid platform services. Second,
unlike conventional optimization models that priori-
tize cost minimization, this research integrates carbon
emissions directly into the objective function of the
Mixed-Integer Linear Programming (MILP) model. This
shift from a cost-only to a carbon-constrained optimiza-
tion strategy provides a more environmentally aligned
approach and supports policy-relevant planning for
decarbonization. Third, the study employs a hybrid
Multi-Criteria Decision Analysis (MCDA) framework
using Analytic Hierarchy Process (AHP) for weight der-
ivation and TOPSIS for performance ranking. This du-

al-method approach is tailored specifically to evaluate

alternative marine fuel technologies (e.g., LNG, hydro-
gen, electric propulsion) in light of multiple conflicting
criteria such as cost, delivery reliability, and emission
intensity.

Fourth, the model incorporates simulation-based
scenario analysis, including Monte Carlo simulations
and Discrete-Event Simulation (DES), to test the per-
formance and robustness of decarbonization strategies
under uncertainty in weather, fuel prices, and delivery
delays. This hybrid analytical architecture enhances the
operational realism of the research. Lastly, the study
proposes a practical and scalable network design for
floating logistics platforms, a novel interface element
in offshore supply chain literature, which enables tem-
porary consolidation, cross-docking, and strategic fuel
switching in transit. Collectively, these contributions
differentiate the study from existing literature and offer
a pathway for offshore logistics operators, regulators,
and infrastructure planners to align supply efficiency
with carbon reduction imperatives. This study looks at
how multi-echelon vessel routing and fleet scheduling
that take emissions into account can make offshore lo-
gistics systems more sustainable. It uses mathematical
optimization, scheduling behavior simulation, and de-
cision analysis for alternative fuels and delivery paths
to find the best carbon-neutral logistics setups. The
study’s main goal is to find ways to reduce carbon emis-
sions without raising costs or lowering delivery reli-
ability.

The study uses a quantitative modeling approach
based on operations research and environmental lo-
gistics. It uses Mixed-Integer Linear Programming
(MILP) to find the best routes ', network flow models
to find the best way to allocate supplies with the least
amount of carbon "’} Discrete-Event Simulation (DES)

18 "and Monte Carlo

to schedule things dynamically
simulations to show how uncertain costs and times are.
A Multi-Criteria Decision Analysis (MCDA) framework
integrates results into actionable decisions. This is in
line with the latest best practices in sustainable logis-
tics !, The study is at the crossroads of maritime oper-
ations, green supply chain design, and decision science.
This study fits into a unique space where sustainable

offshore logistics, multi-echelon network design, and
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simulation-based decision analysis all come together.
Theoretically, it uses multi-echelon inventory and rout-

2 emission-oriented logistics modeling *",

ing theory
and uncertainty modeling in marine operations *?. Pre-
vious studies have looked at these streams separately,
but this one puts them all together into a clear, practical
framework that can be used in real-world offshore lo-
gistics situations. The model can give both explanations
and suggestions for how to decarbonize marine logis-

tics systems because it is in this theoretical space.

2. Literature Review

As maritime transport adds more and more to
global greenhouse gas emissions, the decarbonization
of marine logistics has become a major issue in both
academic and policy circles **', Offshore logistics is a
difficult problem to solve because it involves multiple
levels, considerable uncertainty about how things will
work, and it relies on ships that run on fossil fuels. This
is especially true in industries like oil and gas, offshore
wind, and aquaculture. Marine logistics, especially
in offshore sectors, is the process of moving people,
equipment, and supplies between land-based bases and
platforms in the ocean. This part of maritime opera-
tions uses much fuel and often requires support vessels
to be on duty 24 hours a day . Studies have found that
logistics can make up 20-40% of the total operating
costs and up to 70% of the emissions in offshore pro-
duction systems 24 Offshore vessel logistics, on the
other hand, has received less attention than container
shipping in the field of logistics optimization "*. The
move to low-carbon offshore operations has picked up
speed since the IMO’s GHG strategy and regional envi-
ronmental rules made it a priority. Most of the research
that has been done so far has looked at emissions from
ships at sea. There has not been much focus on supply
vessels, floating hubs, and last-mile offshore delivery
systems %,

Multi-echelon logistics systems have different lev-
els of transportation and storage nodes, such as suppli-
ers, hubs, and end-users. These models are often used
in research on land-based supply chains, as discussed

by ?, but are less frequently used in marine settings.

In maritime studies, network design has mostly focused
on port-centric hub-and-spoke configurations *’. It
has not looked at offshore transfer points or floating
logistics infrastructure. A small number of studies, like
28 have looked at multi-stop vessel routing for oil dis-
tribution, but these models do not fully account for en-
vironmental factors or floating platform interfaces. So,
there is still a big gap in how to use multi-echelon net-
work theory for offshore vessel operations, especially
for decarbonization. Most of the research on maritime
emissions has looked at how to reduce emissions by op-
timizing routes and reducing ship speeds '’ Research-
ers have used Life Cycle Assessment (LCA) methods to
look at emissions at different stages of a vessel’s life *°.
However, these methods often leave out real-time oper-
ational factors like fuel use per trip, waiting times, and
vessel utilization rates.

The type of fuel, the engine’s efficiency, the distance
of the trip, and the load factor all affect the emissions
from a vessel BY. On the other hand, emissions model-
ing in multi-echelon offshore systems is less common,
and only a few studies look at CO, per ton-mile as a
routing goal % This study adds to the body of research
by directly including CO, emissions as an objective
function in network flow and optimization models, in-
stead of as an outcome variable. The type of fuel used
in maritime operations has a big impact on both emis-
sions and costs. LNG, biofuels, hydrogen, and electric
propulsion have all been suggested as possible replace-
ments for regular marine diesel ****, Each type of fuel
has its own emissions profile and needs for infrastruc-
ture. For example, LNG releases 20 to 30 percent less
CO; than diesel, but it has problems with methane leak-
ing. At the point of use, hydrogen and ammonia do not
produce any carbon, but they are hard to store and ex-
pensive **!, Electric propulsion is great for short trips,
but battery density and the logistics of recharging make
it less useful for longer trips.

Comparative studies have looked at the trade-offs
between cost and emissions for different types of fuel,
but they have rarely examined these trade-offs in the
context of offshore vessel logistics *°. Also, not many
models take into account the operational variability
caused by fuel availability, refueling time, and route
length. These are all important factors to think about
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when planning an offshore fleet.

Cost and time are two of the most important mea-
sures of logistics performance. Traditional marine rout-
ing optimization tries to cut down on either distance or
fuel use ), but it does not always take into account the
total operational cost, which includes crew costs, port
fees, maintenance, and time-charter risks. Dynamic sea
states, loading times, and port delays also affect deliv-
ery time. These are often modeled using discrete-event
or stochastic simulation techniques ***”. In offshore
settings, time delays can make it hard to keep produc-
tion going, especially on oil and wind platforms *°'.
However, marine logistics modeling does not look at
delay resilience enough. This study uses Monte Carlo
and discrete-event simulations to measure the range
of delivery performance, which adds a level of realism
that is often missing from static routing models.

When making logistics decisions that must con-
sider conflicting goals like cost, time, emissions, and
reliability, MCDA methods are helpful. MCDA is becom-
ing more common in port planning and buying ships
11 but it is not often used for routing and scheduling
vessels. Most vessel planning models do not take into
account integrated performance scoring; instead, they
focus on emissions or cost. This study adds a multidi-
mensional evaluation lens to green offshore logistics
planning by using an MCDA framework with weightings
on emissions, cost, delivery time, and reliability. This is
in response to the need for operational tools that show
real-world trade-offs in sustainability transitions.

2.1.Research Gap

Even though maritime logistics has gotten more
attention from academics in recent years, especially in
the context of reducing carbon emissions, there are still
some big gaps in the literature. One major problem is
that multi-echelon logistics models are underutilized
in offshore marine settings. These kinds of models are
common in land-based supply chains, but they are less
commonly used in offshore settings, especially those
with floating hubs, intermediate platforms, and dynam-
ic routing layers. Most of the research that has been
done so far has looked at single-tier direct delivery or
port-to-platform routes. They have not looked at the
hierarchical complexity that is typical of real offshore

operations. Another big problem is how emissions are
handled in routing and scheduling models. Most of the
time, emissions are modeled as outcome variables or
externalities instead of being directly included in the
objective function of optimization models. This makes
it harder to prioritize carbon reduction when planning
a route. Also, there are not any scenario-based decision
frameworks in the literature that bring together cost,
emissions, time, and reliability in a single way. There
are decision-support systems in other areas of logis-
tics, but there are not many tools in the marine sector
that let you do a full trade-off analysis when you are not
sure what to do.

There is also not enough research that thoroughly
looks at operational performance metrics like schedule
adherence, delay variability, and fuel-specific reliabili-
ty in the context of new propulsion technologies. Most
studies on alternative fuels look at emissions profiles
and lifecycle costs, but they do not look at how using
biofuels, hydrogen, or electric systems in offshore sup-
ply chains affects performance in real time. These gaps
all point to the need for a complete analytical frame-
work that combines optimization focused on emissions
with real-time simulation and multi-criteria decision
tools. This framework should be specifically designed
to meet the needs and uncertainties of offshore marine
logistics.

2.2.Conceptual Model and Hypothesis De-
velopment of the Study

The study’s conceptual model (Figure 1) is based
on how logistics configuration, fuel strategy, and de-
cision-making trade-offs all work together in offshore
marine supply chains. It combines the structural parts
of a multi-echelon logistics network with factors that
affect environmental and operational performance .
The main goal is to reduce carbon emissions without
lowering delivery efficiency or making the business less
profitable. The model is based on a three-tiered off-
shore supply network that includes: Port Terminals as
the starting points for sending and loading inventory,
Floating Logistics Hubs, which are places where goods
are transferred and consolidated, and Offshore Installa-
tions (like wind farms and oil platforms), which are the

final delivery points.
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* Delivery Time

* Operational Cost
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(AHP/TOPSIS
Evaluation of
Trade-offs)

Ranked Logistics Strategies
{Optimal config based on emissions, cost)

Figure 1. Conceptual model of the study.

Source: Author.

This structure is similar to the multi-echelon logis-
tics configuration, which has a direct impact on route
planning, vessel assignment, and scheduling strategies.
The model includes fuel type as an important input
variable, with ships powered by LNG, hydrogen, biofu-
els, or electricity. Each type of fuel has its own emission
coefficients, costs, and operational limits, which affect
both the amount of carbon emissions and the delivery
performance.

From an operational point of view, routing dis-
tance, vessel utilization, and scheduling accuracy are
all factors that affect the effectiveness of the logistics
configuration. Using Mixed-Integer Linear Program-
ming (MILP), these are optimized to find low-emission,
cost-effective routing schedules. The model incorpo-
rates Discrete-Event Simulation (DES) and Monte Carlo
methods to account for uncertainties in offshore logis-

tics operations, like changes in the weather, fuel supply,

2

and load. These simulations give outputs that are real-
istic scenarios, which go into the decision layer.
Multi-Criteria Decision Analysis (MCDA) controls
the part of the model that makes decisions. This layer
looks at logistics scenarios based on three main factors:
carbon emissions, operational cost, and how reliable
deliveries are. AHP and TOPSIS methods quantify trade-
offs so that stakeholders can choose the best strategies
based on weighted priorities. The following assumed

relationships drive the model:
H1. Adding floating hubs (multi-echelon configuration)

lowers emissions compared to direct routes.

H2. Cleaner fuels lower the intensity of emissions, but

they also affect delivery and cost metrics.

H3. MCDA is better at showing trade-offs than just sin-

gle-objective optimization.
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The dependent variable is carbon emissions, which
are measured in CO, per trip and per ton-mile. The in-
dependent variables include the type of echelon in the
logistics structure, the type of fuel used, the decisions
made about vessel routing, and the methods used for
scheduling. Uncertainty factors (like weather and fuel
price changes) that are added through simulation are
some of the moderating variables. The result is a list of
logistics strategies that are ranked by their effective-
ness and environmental impact. The conceptual model
is a complete framework that connects the structure
of the supply chain, the fuel strategy, the efficiency of
operations, and the impact on the environment. It does
this by using simulation and multi-criteria evaluation to
account for uncertainty and decision complexity. It can
be used to both diagnose and prescribe how to design

offshore logistics systems that do not use carbon.

3. Methodology

3.1.Research Design

The goal of this study was to build and test decar-
bonization strategies in offshore marine logistics. It
used a quantitative, exploratory-cum-descriptive design.
The study needed a methodological structure that could
deal with both strategic network design and operational
efficiencies while keeping carbon emissions in mind. We
created the research design to include Mixed-Integer
Linear Programming (MILP) for optimization modeling,
Discrete-Event Simulation (DES) and Monte Carlo meth-
ods for simulation-based analysis, and Multi-Criteria
Decision Analysis (MCDA) for decision-support evalua-
tion. This method made it possible to do a full analysis
of fleet routing, vessel scheduling, fuel type comparison,
and network restructuring, all while keeping the focus
on real-time maritime operational data. The design also
allowed for scenario-based analysis to see how different
configurations and disruptions affect the reliability of

the supply and the carbon intensity.

3.2.Data Collection

This study used both primary and secondary sourc-

es to gather data in order to ensure that the modeling of

marine logistics systems would be accurate and provide
the depth of insight needed. We collected primary data
through semi-structured interviews with port authority
representatives, logistics planners, and managers of off-
shore fleets. The main topics of these interviews were
strategic decision-making, routing choices, fuel use pat-
terns, and policies for reducing carbon emissions. We
also used structured questionnaires to get information
about how each ship operates and its plans for sus-
tainability. The Automatic Identification System (AIS)
logs were used to keep track of ship movements, port
authorities provided operational schedules, the Inter-
national Maritime Organization (IMO) and the Marine
Environment Protection Committee (MEPC) provided
carbon emission coefficients, and historical marine fuel
price data was also used. We checked the data against
multiple sources to ensure its accuracy and consistency,
and any inconsistencies were fixed by asking domain

experts for more information.

3.3.Population and Sample

The study looked at operational units that worked
in offshore marine logistics in the Gulf of Mexico and
the North Sea. These included people who run ships,
offshore installations like wind farms, oil and gas plat-
forms, floating logistics hubs, and port terminals. We
got the sample frame from AIS data, port logs, and
lists of offshore support vessel operators and logistics
hubs that are available to the public. Each unit of anal-
ysis in the sample was a trip on a ship, and it included
information like the distance traveled, the amount of
cargo carried, the amount of fuel used, the time of de-
livery, and the amount of carbon emissions. We used
Cochran’s formula to find the right sample size for sta-
tistical validity. The first sample size was figured out to
be 384.16, based on a 95% confidence level (Z = 1.96),
a maximum variability estimate (p = 0.5), and a 5%
margin of error (e = 0.05). The sample was rounded up
and expanded to 500 vessel-trip observations to make
up for missing data, incomplete entries, and possible
non-responses. This made sure that there was enough
representation of different types of operations, vessels,
and locations. The study included 24 offshore vessel

operators, five major port terminals, three floating lo-
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gistics hubs, and eighteen offshore installations. These
stakeholders were located in important maritime areas
all over the North Sea and the Gulf of Mexico. Port ter-
minals were the main places where supply routes start-
ed and ended. Offshore installations were the last plac-
es where fuel, equipment, and people were delivered.
The floating logistics hubs were used as temporary
storage and distribution centers. Vessel operators were
in charge of planning routes, choosing fuel, and coordi-
nating fleets across all levels of the network.

The study focused on a multi-echelon offshore lo-
gistics network spanning critical maritime zones in
Europe and North America. Specifically, the population
area includes the following logistical nodes. Five Major
Ports (Origin Terminals): These represent primary sup-
ply dispatch points selected for their strategic relevance

to offshore operations and access to fuel infrastructure:

e Port of Aberdeen (United Kingdom)
e Port of Rotterdam (Netherlands)

e Port of Houston (United States)

e Port of Stavanger (Norway)

e Port of Esbjerg (Denmark)

Three Floating Logistics Hubs (Intermediate Ech-
elons): Floating hubs were modeled as mobile or
semi-stationary transshipment points designed to con-
solidate supply deliveries and reduce last-mile emis-

sions:

e Hub 1: North Sea Floating Platform (servicing oil
and wind platforms)

e Hub 2: Atlantic Midpoint Logistics Vessel (LNG-en-
abled)

e Hub 3: Gulf of Mexico Mobile Transfer Unit (sup-

porting multipurpose offshore platforms)

Offshore Installations (Final Nodes / Demand
Points): These are the operational sites receiving sched-

uled deliveries, categorized by function:

¢ Platform X - Offshore oil platform (North Sea)

¢ OilRig C - Deepwater drilling unit (Gulf of Mexico)

e WindFarm A - Offshore renewable installation
(North Atlantic corridor)

This structured node-based modelling enabled de-
tailed simulation and optimization of routing, emission
profiles, and fuel decisions within the study’s logistical

framework.

3.4.Summary of Main Variables

The study looked several important factors, as
mentioned in Table 1, such as the type of fuel used, the
distance of the route, the use of the vessel, the carbon
emissions, the delivery time, the cost per trip, the inten-
sity of the emissions, and the reliability of the delivery.
There were four types of fuel: LNG, hydrogen, biofuel,
and electric. We measured the distance and time it took
to deliver the goods in nautical miles and hours. We fig-
ured out how much of the vessel’s capacity was used as
a percentage. We measured carbon emissions in kilo-
grams of CO, per trip and emission intensity in tons of
CO; per mile. Delivery reliability was judged by wheth-
er or not the planned schedules were followed, which
were split into on-time and late. The total cost of each
trip included port fees, fuel costs, maintenance costs,

and crew wages.

Table 1. Summary of variables used in the study.

Variable Name Type Description
Fuel Type Categorical LNG, Hydrogen, Biofuel, Electric
Route Distance Continuous Distance traveled (nautical miles)
Vessel Utilization Continuous Load percentage relative to vessel capacity
Carbon Emissions Continuous Total CO, emitted per trip (in kg)
Delivery Time Continuous Transit duration (in hours)
Delivery Reliability Categorical On-Time, Delayed
Operating Cost Continuous Cost per trip (in USD)
Emission Intensity Continuous Emission per ton-mile transported

Source: Author.
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3.5.Measures and Analytical Methods

All of the study’s variables were measured using
standard methods. We used IMO-approved emission
coefficients that were specific to the type of fuel and
the type of vessel to determine the amount of carbon
released. To find out how much a ship was used, divide
the actual load by the ship’s maximum capacity. To get
emission intensity, we divided the total emissions by the
ton-mile throughput. The type of fuel was determined
by its source and the technology used to power it. Cost
metrics were put together from operational logs, and
average market fuel prices were added to them. AIS logs
and port timestamp data were used to monitor deliv-
ery performance and identify schedule deviations and
delays. The study’s goals were met by using a variety
of analytical methods on the collected data. We used
Python’s PuLP library to make MILP models that find
the best routes and schedules while keeping costs and
carbon emissions low. We used network flow optimiza-
tion to set up multi-echelon supply routes that included
port terminals, floating hubs, and offshore platforms.
We used SimPy to run discrete-event simulations that
modeled operations that change based on factors such
as port congestion and bad weather. Monte Carlo sim-
ulation was used to show how uncertain load changes,
fuel prices, and weather events can be. We used MCDA
methods, such as the Analytic Hierarchy Process (AHP)
and the Technique for Order of Preference by Similar-
ity to Ideal Solution (TOPSIS) *** to look at different
routing and fuel options in terms of carbon emissions,
delivery performance, and cost. AHP (Analytic Hierar-
chy Process) was used for criteria weighting due to its
strength in capturing expert judgment and structuring
qualitative trade-offs in a hierarchical decision context.
It is especially appropriate when decision criteria (e.g.,
fuel type, emission levels, delivery performance) need
to be systematically prioritized based on subjective and
policy-driven inputs. TOPSIS (Technique for Order Pref-
erence by Similarity to Ideal Solution) was employed for
alternative ranking, as it is well-suited for problems in-
volving quantitative performance scores across multiple
criteria. This method enables the evaluation of trade-
offs between sustainability, cost, and performance by

identifying the option closest to the ideal solution and

farthest from the worst-case scenario. Finally, t-tests
and ANOVA were used to check that there were real dif-
ferences in emissions, costs, and efficiency between dif-

ferent routing strategies and fuel configurations.

3.6.Ethical Consideration

The study followed ethical research guidelines. Ev-
eryone who took part in interviews and surveys knew
the purpose of the research and agreed to take part.
Their names and affiliations were kept secret, and the
data were anonymized before being analyzed so that
no identifiable entity could be linked to specific oper-
ational data. The secondary data from port authorities
and regulatory databases were either publicly available
or could be accessed under terms of use that allowed
it. It was safe to store and process data so that no one
could get to it without permission. The study followed
the rules of honesty, openness, and not harming, so
that no stakeholders would suffer any damage to their
reputation or operations. An internal academic review
process that followed institutional guidelines gave this

study formal ethical clearance.

4. Results
4.1.Analysis of Variance (ANOVA)

4.1.1.CO; Emissions by Fuel Type

We used a one-way Analysis of Variance (ANOVA)
test to see if different marine fuels had a big effect on
the differences in carbon emissions between differ-
ent vessel operations. We used this test to statistically
check the null hypothesis that the average CO, emis-
sions were not significantly different between the four
fuel types used: LNG, biofuel, hydrogen, and electric.
The amount of CO; released per trip (in kilograms) was
the dependent variable, and the type of fuel was the in-
dependent variable. The test was run on a dataset that
had 500 observations of vessel trips. There was a fuel
type and calculated CO, emissions for each trip entry.
These were based on standard fuel consumption and
emission coefficients (kg CO,/tonne of fuel). Table 2

presents the ANOVA summary for CO, emissions.
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Table 2. CO, emissions by fuel type.

Source Sum of Squares df Mean Square F-Value p-Value
Fuel Type 6.76E + 09 3 2.25E + 09 147.94 <0.0001
Residual 7.53E + 09 494 1.52E + 07
Total 1.43E + 10 497

Source: Author.

The high F-statistic (F = 147.94) and the low p-value
(p < 0.0001) showed that there was a statistically sig-
nificant difference in CO, emissions between the four
fuel types. The null hypothesis was rejected because the
p-value was less than 0.05. This proved that the type
of fuel used had a big effect on the amount of carbon
emissions per trip. This result gave strong real-world
proof that the emissions performance of different types
of alternative fuels, like LNG, hydrogen, biofuels, and
electric propulsion systems, was significantly different.

4.1.2. Trip Cost by Fuel Type

We did a one-way ANOVA test with fuel type as the
independent variable and total trip cost (in USD) as the
dependent variable to see if the operational costs of
trips were very different for different types of fuel. The
goal of this test was to see if choosing a certain type of
fuel caused logistics costs to vary in a statistically sig-
nificant way across the fleet of offshore vessels. The

dataset had the same 500 trip records for ships that
were used in the emissions study. The total cost of each
trip was listed, which was found by multiplying the
amount of fuel used (in tonnes) by the market-specif-
ic unit price for that fuel (e.g., LNG, Biofuel, Hydrogen,
Electric). Table 3 summarizes the ANOVA results for
cost.

The ANOVA gave a statistically significant result (F
=24.87, p < 0.0001), which means that the average trip
costs were significantly different between fuel types.
The null hypothesis, which said that the average trip
costs were the same for all fuel types, was rejected be-
cause the p-value was low (< 0.0001). This result gave
strong statistical evidence that offshore vessel oper-
ations have cost structures that depend on fuel. The
finding showed that trips powered by hydrogen and
biofuels cost a lot more than trips powered by LNG and
electricity, which had lower average costs per tonne of

fuel used.

Table 3. Trip cost by fuel type.

Source Sum of Squares df Mean Square F-Value p-Value
Fuel Type 5.00E + 08 3 1.67E + 08 24.87 <0.0001
Residual 3.31E + 09 494 6.70E + 06
Total 3.81E + 09 497

Source: Author.

4.1.3.Delivery Time by Fuel Type

We used a one-way ANOVA to see if delivery times
for vessels were very different depending on the type
of fuel. Delivery time (in hours) was the dependent
variable, and fuel type was the independent factor. The
goal of this study was to investigate whether the meth-
od of propulsion and its associated operational charac-

teristics (like acceleration, power density, and fueling

logistics) affected offshore delivery schedules. We used
the same sample of 500 vessel-trip records, and we
figured out the delivery time by adding the estimated
travel time to randomly generated delays. All of the
boats traveled the same distances and faced the same
weather conditions. The main thing that was looked at
was the type of fuel used. Table 4 provides the ANOVA

output for delivery time.
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Table 4. Delivery time by fuel type.

Source Sum of Squares df Mean Square F-Value p-Value
Fuel Type 5.772 3 1.924 1.41 0.238
Residual 671.85 494 1.36
Total 677.62 497

Source: Author.

The analysis gave an F-statistic of 1.41 and a p-value
of 0.238. The result was not statistically significant be-
cause the p-value was higher than the usual 0.05 level
of significance. We could not reject the null hypothesis,
which said that there was no difference in average de-
livery time between different types of fuel. These re-
sults showed that the type of marine fuel used did not
have a statistically significant effect on delivery time.
The fuel propulsion method was less likely to be the
cause of changes in delivery time than factors such as
changes in the weather, the length of the route, and de-
lays in operations.

4.2.Mixed-Integer Linear Programming
(MILP) for Emission-Optimized Routing

We made a Mixed-Integer Linear Programming
(MILP) model to find the best routing setups for off-
shore logistics that minimize carbon emissions. The
model included decisions about how to get from port
cities like Aberdeen and Rotterdam to offshore hubs
and then to remote offshore platforms like WindFarmA
and PlatformX.

Model Formulation:

The objective function was defined as minimizing

total CO, emissions across the network [Equation (1)]:
Minimize Z = (i,j) Y, Emissionij x Quantityij (1)

Where:

e Emissionij: Emission rate (kg CO, per unit transport-
ed) from node i to j

e Quantityij: Amount of cargo transported from i to j
Key constraints included:

¢ Flow balance at hubs (inflow = outflow)

Capacity limits for each arc, enforced through bina-
ry decision variables

¢ Demand satisfaction at offshore platforms

The MILP model chose Hub1 as the only transship-
ment point (Table 5), bringing together cargo from
both Aberdeen and Rotterdam, which together met the
needs of WindFarmA and PlatformX (Figure 2).

This setup cut total CO, emissions to 69,250 kg,
which is much lower than what was predicted by un-
optimized or single-tier routing structures. There were
no problems with capacity, and demand was fully met
at both offshore locations. The binary route usage vari-
ables showed that only four of the eight possible arcs
were used in the best configuration, which showed both
emission efficiency and route rationalization. This re-
sult shows that the MILP model works well to balance
goals for route selection, hub utility, and the environ-
ment. It gives offshore logistics a strong foundation for
operational planning, where emission limits are becom-
ing increasingly important for following the rules and

for a company’s long-term success.

Table 5. MILP routing results (emission-minimized configuration).

From To Quantity (Units) Emission per Unit (kg CO;) Total Emission (kg CO;) Route Used
Aberdeen Hub1 100 150 15,000 Yes
Rotterdam Hub1 90 160 14,400 Yes

Hub1 WindFarmA 150 140 21,000 Yes

Hub1 PlatformX 130 145 18,850 Yes

Note: Total CO, emissions = 69,250 kg.

Source: Author.

237



Sustainable Marine Structures | Volume 07 | Issue 03 | September 2025

Aberdeen

100/ 150

Quantity (units) / Emission (kg CO, per
unit)

WindFarmA

Figure 2. MILP routing results (emission-minimized configuration).

Source: Author.

4.3.Multi-Criteria Decision Analysis (MC-
DA)-Evaluation of Operational Trade-
Offs

We used a Multi-Criteria Decision Analysis (MCDA)
method to systematically evaluate how well different
vessel-fuel configurations worked on multiple criteria.
This method made it possible to look at environmen-
tal, economic, and service-level metrics all at once. The
MCDA was made to help people make decisions by com-
paring the performance scores of different trips using a
weighted scoring system.

Step 1: Selection of Evaluation Criteria

Four quantitative indicators were selected to repre-

sent the performance dimensions of offshore logistics

operations:

1. CO, Emissions (kg/trip) - Environmental sustain-
ability indicator

2. Trip Cost (USD) - Economic efficiency metric

3. Delivery Time (hours) - Operational performance
metric

4. Reliability (binary: 1 = OnTime, 0 = Delayed) -

Schedule adherence metric

These criteria were chosen based on their rele-
vance to decarbonization goals and stakeholder deci-

sion priorities in offshore logistics planning.

MCDA Score =0.4-CO,norm+ 0.3-Costnorm+ 0.2-Timenorm+ 0.1-Reliabilitynorm

Step 2: Data Normalization

To enable equitable comparison across indicators
with differing scales and units, all variables were nor-
malized using Min-Max scaling. The normalized value x’
for a given original score x was computed as Equation
(2):

, X - Xx min
X =

(2)

Lower values indicated better performance for CO,

X max - x min

emissions, cost, and delivery time. For reliability, higher
values were considered preferable.
Step 3: Assignment of Weights

Weights were assigned to each criterion based on
the strategic emphasis of the study—balancing emis-
sions reduction with cost-efficiency and operational

quality:

e CO, Emissions: 0.4
e Trip Cost: 0.3

¢ Delivery Time: 0.2
¢ Reliability: 0.1

These weights reflected greater importance placed
on sustainability and financial outcomes.
Step 4: Aggregation of Scores

A composite performance score was computed for
each vessel-trip using a weighted sum of the normal-
ized values [Equation (3)]:

(3)
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The resulting scores were ranked in descending
order, with higher scores indicating better overall
performance.

Step 5: Ranking of Vessel Configurations
After computing the MCDA scores for all 500 ves-

sel trips, the top five performing configurations were

identified. These are shown in Table 6.

These findings reflect the relative trade-offs in-
herent in each configuration. LNG-powered ves-
sels emerged as the most balanced option when
all four performance dimensions were considered

jointly.

Table 6. Top 5 vessel configurations based on MCDA scores.

Rank Fuel Type CO; Emissions (kg) Cost (USD) Delivery Time (h) Reliability
1 LNG 46,684.80 13,778.50 19.35 OnTime
2 LNG 44,899.20 13,251.50 18.62 OnTime
3 Biofuel 39,475.00 15,000.50 18.85 OnTime
4 LNG 43,776.00 12,920.00 18.15 OnTime
5 Hydrogen 29,304.00 19,536.00 19.44 OnTime

Source: Author.

4.4.Monte Carlo Simulation-Variability in
Cost and Delivery Time

We used a Monte Carlo simulation to see how oper-

ational uncertainties would affect two important per-

Simulated Delivery Time Variability Over 30 Days

formance indicators: trip cost and delivery time (Figure
3). The goal of this study was to investigate how logis-
tics performance changes with different types of fuel
under various conditions, such as when fuel prices fluc-
tuate, bad weather causes delays, and loading is slow.

Simulated Operational Cost Variability Over 30 Days
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Figure 3. Simulated delivery time and operation cost.

Source: Author.

The simulation ran 1,000 times for each tire type,
creating fake cost and time results based on assumed
probability distributions. These values came from rea-

sonable operational ranges that were reported in in-
dustry sources. Table 7 presents the aggregate simula-
tion outcomes.

Table 7. Monte Carlo simulation results-trip cost and delivery time

Fuel Type Avg. Cost (USD) Std. Dev. (USD) Avg. Time (h) Std. Dew. (h)
Hydrogen 18,929.13 +2,010.98 185 +1.77
Biofuel 15,060.97 +1,707.11 18.17 +1.38
LNG 13,036.92 +1,495.23 18.08 +1.49
Electric 11,018.12 +1,316.68 17.43 +1.20

Source: Author.
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The results of the simulation showed that the fuel
types had very different levels of variability. The ships
that ran on hydrogen had the most unpredictable trip
costs and delivery times. This variability was caused
by the fact that hydrogen fuel infrastructure is still
new and changing, and that high-pressure systems on
board are difficult to handle and store. On the other
hand, electric-powered vessels exhibited the most sta-
ble performance profiles. The cost and time outputs for
electric propulsion had the lowest standard deviations
of all the fuel types. This means that it behaved consis-
tently under random conditions. Trips powered by LNG
and biofuels were somewhere in the middle in terms
of variability. Both had moderate ranges of fluctuation
that show a balance between the technology’s level of

advancement and its susceptibility to external factors

Load at Part

V4

[Load at Port Wiait at Hub

V3

V2

V1 Load at Part |wait at Hyt

like changes in fuel prices and delays caused by the sea
state. The overall pattern of variability showed that
some types of fuel have strong average performance,
but their reliability may be very different when condi-
tions are uncertain. This shows how important it is to
use both average performance measures and uncertain-

ty-based evaluation in marine logistics planning.

4.5.Simulated Discrete-Event Scheduling
(DES)-Offshore Vessel Operations

We ran a simulated Discrete-Event Scheduling (DES)
model to look at how operations work in real time
when scheduling is flexible (Figure 4). The goal of this
simulation was to test how well the vessel performed
over a set planning horizon in terms of departure time,

trip length, total delay, and turnaround time.

- L

wait at Hub
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30 40 50 60

Time (Hours)

Figure 4. Simulated discrete event scheduling-offshore vessel operations.

Source. Author.

This method made it possible to look closely at
how well and reliably logistics scheduling worked on
offshore supply missions. The simulation was meant
to mimic a 48-hour operational window in which five
different ships made repeated delivery trips between
three port locations (Aberdeen, Rotterdam, and Hous-
ton) and three offshore installations (WindFarmaA, Plat-
formX, and OilRigC). A Gaussian function was used to
model a random delay distribution and a typical trav-
el time for each vessel. We used normal distributions

with empirically derived means as the center and add-

ed standard deviation to simulate changes caused by
weather, loading, or marine traffic.

At time zero, each vessel began its first trip and
then made more trips after a set turnaround buffer of
0.5 hours. The simulation kept track of the start and
end times of each trip, the total time it took, the amount
of delay, and the status (either “OnTime” or “Delayed” if
the delay was more than an hour). There were 36 com-
pleted trips simulated across all vessels over the course
of 48 hours. Table 8 presents a sample of recorded trip

events from the simulation.
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Table 8. Sample output-simulated vessel trip schedule and delay profile.

Vessel Trip#  Start(h) End (h) Duration (h) Delay (h) Status Origin Destination
Vessel A 1 0 6.45 6.45 1.45 Delayed Aberdeen WindFarmA
Vessel B 1 0 6.33 6.33 0.33 OnTime Rotterdam PlatformX
Vessel C 1 0 8.02 8.02 1.02 Delayed Houston OilRigC
Vessel D 1 0 7.01 7.01 0.51 OnTime Aberdeen PlatformX
Vessel E 1 0 5.86 5.86 0.36 OnTime Rotterdam WindFarmA

Source. Author.

The results showed that the trips took between 5.5
and 8.5 hours, depending on the starting travel time
and the random delay that was added. Of the 36 trips
simulated, 14 were late, which means that the on-time
performance rate was about 61%. On average, all trips
were delayed by 0.89 hours. Vessel C and Vessel A had
the most delays, which makes sense because they had
longer routes and more unpredictable delays in their
models. This simulation gave us much information
about how vessel performance changed when they
were always working. It showed how important it is to
include delay resilience in fleet scheduling and routing

models for offshore support operations.

4.6.Network Flow Optimization-Multi-Ech-
elon Emission-Minimizing Logistics

We used minimum-cost network flow optimization
to find out how well a multi-echelon vessel routing ar-
chitecture can lower total CO, emissions. The goal of
this study was to find the best way to move cargo from
major port nodes to offshore installations using float-

ing logistics hubs in the middle that produced the least

amount of emissions. The goal was to create a model
of how goods move through three levels of hierarchy:
ports (where they start), floating hubs (where they are
transferred), and offshore platforms (where they end
up). The network model was made up of nine nodes,
which were three origin ports (Aberdeen, Rotterdam,
and Houston), two floating hubs (Hub1 and Hub2), and
three destination installations (WindFarmA, PlatformX,
and OilRigC). Based on estimated distances and ves-
sel emission intensities, each arc between nodes was
given a synthetic CO, cost per transported unit (in kg).
The model took into account the capacity limits at each
supply node and the need to meet demand at each des-
tination. We used a network simplex algorithm to fig-
ure out the minimum-emission flow assignment. Each
node had to follow flow conservation rules. The model
was solved using real-valued capacities. The solution
found the best set of flows from ports to hubs and then
from hubs to installations, while also lowering the total
amount of CO, emissions. Table 9 presents the opti-
mized flow configuration and the emissions associated

with each routing segment.

Table 9. Emission-optimal routing assignments from network flow optimization.

From To Units Transported CO;, per Unit (kg) Total CO, Emissions (kg)
Aberdeen Hub1 120 180 21,600
Rotterdam Hub1l 150 160 24,000

Houston Hub2 100 180 18,000

Hub1 PlatformX 150 170 25,500

Hub1 OilRigC 120 190 22,800

Hub2 WindFarmA 100 160 16,000

Source: Author.
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The optimized network produced a total of 127,900
kg of CO, emissions, which is the lowest amount possi-
ble given the supply and demand limits. All offshore in-
stallations received the demand they needed, and each
port gave as much as it could to meet its supply needs.
This result showed that using floating hubs as tem-
porary logistics platforms in offshore supply chains is
both practical and environmentally friendly. The model
showed that optimizing multi-echelon routing can low-
er total emissions without affecting delivery volume

goals.

5. Discussion

The main goal of this study was to find ways to
reduce carbon emissions in offshore marine logistics
by creating and analyzing multi-echelon green supply
chain models. By combining operations research meth-
ods with sustainability goals in the areas of offshore
vessel routing, scheduling, and fleet management, this
study added to what we already knew. This chapter’s
main focus is on how to make sense of the results in
light of what is already known, how to add to the theo-
ry, and how to think about what the study’s analytical
results mean in real life.

One of the most important things this research does
is focus on multi-echelon logistics systems for maritime
applications, especially in the offshore energy sector.
Multi-echelon network designs are well known in land-
based supply chains **, but they have not been widely
applied in offshore vessel networks. This study shows
that a hierarchical network with floating hubs and in-
termediate platforms is both operationally flexible and
environmentally beneficial. This is in line with what **!
found when they looked at the environmental benefits
of hub-based routing in maritime container shipping.
However, they were more interested in port operations
than offshore networks.

The results also show how important it is to
choose the right fuel for sustainable logistics. Park
et al. ®** and Sovacool **! both looked at the trade-
offs that come with switching from regular fuels to
low-carbon ones. In a simulation-optimization frame-

work, this study builds on those ideas by adding fuel

type to both cost and emissions models. The fact that
LNG, biofuels, hydrogen, and electric propulsion all
have different operational performance shows that no
one fuel type is better than all the others in every way.
This is similar to what **' found when they said that
fuel should be chosen based on the mission profile and
the rules in place. Also, this study used Multi-Criteria
Decision Analysis (MCDA) to provide a structured way
to measure operational trade-offs. This is something
that has not been studied enough in the marine sup-
ply chain literature. Previous studies have looked at

environmental routing [6], or cost optimization 1.

on
their own. This study, on the other hand, showed that
a composite performance assessment can show sub-
tle trade-offs that single-objective models cannot. The
MCDA results are also in line with what people in the
industry have seen; LNG is currently one of the best
transitional fuels because it is cost-effective and has
low emissions P*. Marine fuel, due to its comparative-
ly lower carbon intensity relative to conventional ma-
rine diesel, however, its long-term sustainability re-
mains contested, particularly in light of methane slip
and regional infrastructure variability **7),

This study also adds to the methods by integrat-
ing network flow modeling, discrete-event simulation,
and Monte Carlo techniques in a single framework. In
the past, research has often looked at these methods
separately. This study improves the methods available
to marine logistics planners by combining them and
providing a framework that can be used repeatedly for
future scenario testing, such as testing different fuels,
regulatory scenarios, or network outages. Another im-
portant thing that the simulation models show us is
how uncertainty affects the performance of a system.
There is much research on maritime transport that
talks about delay variability, changes in fuel prices, and
operational disruptions at the trip level *****’1, How-
ever, these factors are not yet fully incorporated into
routing and fleet models. This study shows that green
logistics strategies need to be robust, not just efficient,
by explicitly modeling these kinds of uncertainties.

The empirical findings obtained through MILP op-
timization, Discrete-Event Simulation, MCDA ranking,

and hypothesis testing collectively reinforce the the-
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oretical assumptions embedded within the concep-
tual model. The model posited that vessel fuel type,
carbon-efficient routing, delivery performance, and
network structure would significantly influence off-
shore logistics outcomes. These relationships were
substantiated by the MILP and network flow results,
which demonstrated that multi-echelon routing via
intermediate hubs substantially reduced total CO,
emissions without compromising supply coverage. The
MCDA analysis confirmed the importance of balancing
emissions and operational costs when ranking vessel
propulsion strategies. The simulation models validat-
ed that uncertainty in route performance and delivery
reliability aligns with the risk constructs modelled in
the framework. Moreover, the model’s assumptions re-
garding trade-offs between environmental performance
and cost were empirically supported through scenar-
io-based variability analysis. This alignment between
the conceptual model and empirical findings enhances
the internal validity of the study. It demonstrates that
the framework effectively captured the operational and
strategic dimensions of marine decarbonization.

While the study provides valuable insights into
decarbonizing offshore marine logistics using a
multi-method approach, several limitations must be ac-
knowledged. First, several vessel characteristics, emis-
sion factors, and cost parameters were derived from
modelled estimates and secondary databases due to
the restricted availability of real-time operational data.
Although every effort was made to triangulate these
inputs with industry reports and academic sources,
this introduces potential approximation bias. Second,
the geographical context of the simulations was con-
fined primarily to the North Sea and Atlantic maritime
routes. As such, the outcomes may not generalize to re-
gions with different regulatory frameworks, infrastruc-
ture capabilities, or climatic conditions, such as South-
east Asia or Arctic corridors. Third, the Mixed-Integer
Linear Programming and Discrete-Event Simulation
models employed static demand patterns and deter-
ministic supply assumptions, which may oversimplify
the real-time variability and stochastic nature of off-
shore logistics. Similarly, while the AHP-TOPSIS model
within the MCDA framework facilitated structured de-

cision-making, it relied on expert-weighted judgments
that may be context-dependent. Finally, the study fo-
cused on offshore wind, platform, and general support
logistics, which may limit applicability to other marine
sectors such as fisheries or coastal tourism. Recogniz-
ing these limitations is critical for interpreting the find-
ings within scope and for guiding future extensions of
this research.

The results are also important for policymakers and
maritime regulators. The International Maritime Orga-
nization (IMO) is making emission standards stricter.
The analytical framework used in this study can help
both operators and regulatory bodies find vessel con-
figurations that are both feasible and environmentally
beneficial. The ability to model and compare different
fleet compositions under different regulatory or opera-
tional constraints is a useful decision-support tool that
works well with existing policy frameworks like the
IMO’s Energy Efficiency Existing Ship Index (EEXI) and

Carbon Intensity Indicator (CII) mechanisms.

6. Conclusion

This study looked into ways to reduce carbon emis-
sions in offshore marine logistics by creating and study-
ing multi-echelon green supply chain models. It filled
in a major gap in research at the crossroads of sustain-
ability, operational efficiency, and maritime logistics
design. The study showed how vessel routing, fleet
composition, and fuel selection affect the carbon inten-
sity, cost, and reliability of offshore supply networks by
combining optimization models, simulation techniques,
and decision analysis tools. The study used a network
flow optimization model to show that multi-echelon
routing structures are better at cutting CO, emissions
than flat, direct-delivery systems. Discrete-event sched-
uling and Monte Carlo simulations showed how uncer-
tain conditions like delays and changes in the fuel mar-
ket can make things less predictable. This showed how
important it is to plan logistics that can handle these
changes. Also, Multi-Criteria Decision Analysis gave us a
strong way to look at operational trade-offs. It showed
that LNG-based strategies are currently the best way

to balance emissions, cost, and service reliability. This
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study adds to the field of sustainable marine logistics
in both theoretical and methodological ways. It builds
on previous work on environmental shipping by using
advanced modeling techniques in a complicated and lit-
tle-studied offshore setting. It connects the operational
and strategic areas by giving fleet managers, offshore
infrastructure operators, and policy institutions that
care about maritime decarbonization information that
is both mathematically sound and useful in real life.

There are several ways that the results of this study
can be used in real life. Planners of offshore logistics
can use the network models created here to improve
the routing of ships with a focus on carbon efficiency,
especially when using floating logistics hubs or mod-
ular supply vessels. The information about how fuel
affects performance variability helps decision-makers
choose propulsion systems that meet both budget and
emission goals. The MCDA framework is a tool that can
be used repeatedly to help make decisions in real time
about fleet configuration and following rules. Also, reg-
ulatory bodies like the IMO and regional maritime or-
ganizations may find the study’s method useful for fig-
uring out how future decarbonization rules will affect
operations.

This study’s findings directly reinforce the concep-
tual model established at the outset of the research.
The hypothesized links between fuel decisions, rout-
ing efficiency, carbon impact, and delivery outcomes
were empirically validated through multiple analytical
approaches. The model served not only as a structural
guide for methodological design but also as a theoreti-
cal lens through which to interpret the results. The co-
herence between the model and observed data confirms
its suitability for framing decarbonization strategies in
offshore marine logistics networks. The study offers a
strong framework for modelling and analysis, but some
limitations must be recognized. First, the data used to
model vessel trips, fuel emissions, and costs came from
publicly available ranges and synthetic simulations.
These were based on realistic assumptions, but they
may not fully show the complexity of all offshore envi-
ronments or vessel types. Second, the optimization and
simulation models assumed that capacities were fixed
and emissions were linear per unit transported. This
may not be true in the real world, where fuel consump-

tion changes depending on the load or the state of the
sea. Third, the scenarios did not take into account out-
side factors like port congestion, equipment failure, and
geopolitical restrictions. Lastly, the study only looked at
four types of fuel, so it may not have included new pro-
pulsion technologies like ammonia and methanol that
could become important in the near future.

Future studies should think about adding real-time
operational data from offshore vessel operators to the
current framework to improve model calibration and
validation. Adding more types of propulsion technol-
ogies and taking into account all emissions through-
out the life cycle, including fuel production upstream,
would give a better picture of the environmental im-
pact. Also, hybrid optimization models that take into
account both environmental goals and service-level
agreements when there are uncertain and changing
constraints could help make decisions in offshore logis-
tics even better. Finally, long-term studies that look at
how regulatory changes affect things over time would
be helpful in determining the flexibility of green logis-

tics strategies in the maritime sector.

Author Contributions

Conceptualization, S..M. and B.A.Q.; methodology,
S.A.A.; software, A.V,; validation, S.I.M., A.A.S., and LA,
formal analysis, A.V.; investigation, S.A.A.; resources,
B.A.Q.; data curation, A.A.S.; writing—original draft
preparation, S.I.M.; writing—review and editing, B.A.Q.
and L.A.; visualization, A.A.S.; supervision, S.I.M.; project
administration, B.A.Q.; funding acquisition, [.A. All au-
thors have read and agreed to the published version of

the manuscript.

Funding

This research was partially funded by Zarqa Univer-
sity.
Institutional Review Board State-

ment

Not applicable.

244



Sustainable Marine Structures | Volume 07 | Issue 03 | September 2025

Informed Consent Statement

Not applicable.

Data Availability Statement

Data are available upon request from the corre-
sponding author.

Conflicts of Interest

The authors declare that there is no conflict of in-

terest.

References

[1] Deng,S., Mi, Z.,, 2023. A Review on Carbon Emissions
of Global Shipping. Marine Development. 1, 4. DOI:
https://doi.org/10.1007 /s44312-023-00001-2
Slette, H.T., Asbjgrnslett, B.E., Fagerholt, K., 2019.
Cost-Emission Relations for Maritime Logistics
Support in Aquaculture. In Proceedings of The
International Maritime and Port Technology and
Development Conference and International Con-
ference on Maritime Autonomous Surface Ships,
Trondheim, Norway, 13-14 November 2019;
pp. 1-7. DOI: https://doi.org/10.1088/1742-
6596/1357/1/012029

Alj, 1., Patil, Y.V, Jangid, A., et al., 2025. Block-
chain-Driven Supply Chain Finance for Public
Healthcare in India: Enhancing Financial Resilience
in Public Health Systems. Salud Ciencia y Tec-
nologifa. 5, 1400. DOI: https://doi.org/10.56294/
saludcyt20251400

Suyyagh, H., 2023. Digitalization Potentials in Sup-
porting Offshore Logistics. In Proceedings of The
Abu Dhabi International Petroleum Exhibition and
Conference (ADIPEC 2023), Abu Dhabi, UAE, 2-5
October 2023; p. D031S112R005. DOI: https://doi.
org/10.2118/217032-ms

Liu, M., Zhen, R., 2024. Fostering Sustainability
Through Legal Integration: A Multidimension-
al Analysis of Environmental and Commercial
Law Synergies. In Proceedings of The 5th In-
ternational Conference on Education Innova-
tion and Philosophical Inquiries, Huntsville, AL,
USA, 12 July 2024; pp. 7-13. DOI: https://doi.
org/10.54254/2753-7048/52/20241520

[6] Ghosh, M., Kuiper, A., Mahes, R,, et al,, 2023. Learn

[2]

Global and Optimize Local: A Data-Driven Meth-
odology for Last-Mile Routing. SSRN preprint.
ssrn.4341533. DOI: https://doi.org/10.2139/
ssrn.4341533
Guo, C., Thompson, R.G., Foliente, G., et al., 2021. An
Auction-Enabled Collaborative Routing Mechanism
for Omnichannel On-Demand Logistics Through
Transshipment. Transportation Research Part E:
Logistics and Transportation Review. 146, 102206.
DOI: https://doi.org/10.1016/j.tre.2020.102206
Weber, |., Heinrichs, H., Gillessen, B., et al., 2018.
Counter-Intuitive Behaviour of Energy System
Models Under CO2 Caps and Prices. Energy. 170,
22-30. DOI: https://doi.org/10.1016/j.ener-
gy.2018.12.052
Elhidaoui, S., Benhida, K., Elfezazi, S., Benabdel-
hafid, A., Hamani, N., 2019. Literal Framework of
Green Supply Chain Modeling. Journal of Engi-
neering and Science Research. 3(4), 20-27. DOLI:
https://doi.org/10.26666 /rmp.jesr.2019.4.5
[10] Mohammad, A.A.S., Al-Hawary, S.I.S., Oraini, B.A,,
et al., 2025. Strategies for Applying Interpretable
and Explainable Al in Real World [oT Applications.
Discover Internet of Things. 5, 71. DOI: https://doi.
org/10.1007/s43926-025-00155-z
[11] Vuki¢, L., 2024. Tracking Carbon Intensity of Global
Container Fleet: Carbon Emissions Index (CEI).
Transactions on Maritime Science. 13(1), 1-14.
DOI: https://doi.org/10.7225/toms.v13.n01.022
[12] EI-Thalji, 1., 2024. Exploring More Sustainable Off-
shore Logistics Scenarios Using Shared Resourc-
es: A Multi-Stakeholder Perspective. Logistics.
8(4), 101. DOI: https://doi.org/10.3390/logis-
tics8040101
[13] Afpriyanto, A., Putra, I.N., Jupriyanto, J., et al., 2023.
Critical Role of Maritime Infrastructure in Indone-
sian Defense Logistics Management Towards the
World Maritime Axis. International Journal of Hu-
manities Education and Social Sciences (IJHESS).
3(3), 1215-1224. DOI: https://doi.org/10.55227/
ijhess.v3i3.657
[14] Al-Hawary, S.1.S., Al-Daoud, K.I,, Oraini, B.S.A,, et
al., 2025. Impact of Crude Oil Price Volatility on
Procurement and Inventory Strategies in the Mid-
dle East. International Journal of Energy Econom-
ics and Policy. 15(2), 715-727. DOI: https://doi.
org/10.32479/ijeep.18950
[15] Duran, C., Yazdi, A.K., Dérpich, L., et al., 2024. Lever-
aging Blockchain for Maritime Port Supply Chain
Management Through Multicriteria Decision Mak-
ing. Mathematics. 12(10), 1511. DOI: https://doi.

[7]

(8]

[9]

245


https://doi.org/10.1007/s44312-023-00001-2
https://doi.org/10.1088/1742-6596/1357/1/012029
https://doi.org/10.1088/1742-6596/1357/1/012029
https://doi.org/10.56294/saludcyt20251400
https://doi.org/10.56294/saludcyt20251400
https://doi.org/10.2118/217032-ms
https://doi.org/10.2118/217032-ms
https://doi.org/10.54254/2753-7048/52/20241520
https://doi.org/10.54254/2753-7048/52/20241520
https://doi.org/10.2139/ssrn.4341533
https://doi.org/10.2139/ssrn.4341533
https://doi.org/10.1016/j.tre.2020.102206
https://doi.org/10.1016/j.energy.2018.12.052
https://doi.org/10.1016/j.energy.2018.12.052
https://doi.org/10.26666/rmp.jesr.2019.4.5
https://doi.org/10.1007/s43926-025-00155-z
https://doi.org/10.1007/s43926-025-00155-z
https://doi.org/10.7225/toms.v13.n01.022
https://doi.org/10.3390/logistics8040101
https://doi.org/10.3390/logistics8040101
https://doi.org/10.55227/ijhess.v3i3.657
https://doi.org/10.55227/ijhess.v3i3.657
https://doi.org/10.32479/ijeep.18950
https://doi.org/10.32479/ijeep.18950
https://doi.org/10.3390/math12101511

Sustainable Marine Structures | Volume 07 | Issue 03 | September 2025

org/10.3390/math12101511

[16] Yadav, A., Mukherjee, ]J.C., 2021. MILP-Based
Charging and Route Selection of Electric Vehicles
in Smart Grid. In Proceedings of The ICDCN '21:
International Conference on Distributed Com-
puting and Networking 2021, Nara, Japan, 5-8
January 2021; pp. 225-234. DOI: https://doi.
org/10.1145/3427796.3427820

[17] Christian, J., Sahling, F,, 2024. Carbon Reduction
in Global Supply Network Design Subject to Car-
bon Tariffs and Location-Specific Carbon Policies.
Sustainable Manufacturing and Service Econom-
ics. 3, 100028. DOI: https://doi.org/10.1016/
j.smse.2024.100028

[18] Guardo-Martinez, E., Onggo, B.S., Kunc, M., et al,,
2025. Discrete-Event Simulation Model of Turn-
around Operations to Evaluate Airline Schedule
Robustness. In Proceedings of The Operational Re-
search Society Simulation Workshop 2025 (SW25),
Exeter, UK, 31 March-2 April 2025; pp. 1-9. DOI:
https://doi.org/10.36819/sw25.017

[19] Baudry, G., Macharis, C., Vallée, T., 2017. Range-
Based Multi-Actor Multi-Criteria Analysis: A
Combined Method of Multi-Actor Multi-Criteria
Analysis and Monte Carlo Simulation to Support
Participatory Decision Making Under Uncertain-
ty. European Journal of Operational Research.
264(1), 257-269. DOI: https://doi.org/10.1016/
j.ejor.2017.06.036

[20] Sbai, N., Berrado, A., 2018. A Literature Review on
Multi-Echelon Inventory Management: The Case
of Pharmaceutical Supply Chain. In Proceedings
of The International Workshop on Transportation
and Supply Chain Engineering (IWTSCE’18), Rabat,
Morocco, 8-9 May 2018; pp. 1-5.

[21] Kazang, H.C,, Soysal, M., Cimen, M., 2021. Modeling
Heterogeneous Fleet Vehicle Allocation Problem
with Emissions Considerations. The Open Trans-
portation Journal. 15, 93-107. DOI: https://doi.org
/10.2174/1874447802115010093

[22] Zhuge, D., Wang, S., Zhen, L., et al., 2023. Da-
ta-Driven Modeling of Maritime Transportation:
Key Issues, Challenges, and Solutions. Engineer-
ing. 31, 25-26. DOI: https://doi.org/10.1016/
j.eng.2022.12.009

[23] Netirith, N., Poma, W, Chotechuang, N., et al., 2025.
An Innovation of Geo-Logistics Toward Sustain-
able Strategies for Small and Medium-Sized Ports
in Thailand. Sustainable Marine Structures. 7(2),
89-106. DOI: https://doi.org/10.36956/sms.
v7i2.1886

[24] Torres, E.S., Thies, P.R., Lawless, M., 2023. Offshore
Logistics: Scenario Planning and Installation Mod-
eling of Floating Offshore Wind Projects. ASME
Open Journal of Engineering. 2, 021013. DOI:
https://doi.org/10.1115/1.4056882

[25] Mallouppas, G., Yfantis, E.A., 2021. Decarbonization
in Shipping Industry: A Review of Research, Tech-
nology Development, and Innovation Proposals.
Journal of Marine Science and Engineering. 9(4),
415. DOI: https://doi.org/10.3390/jmse9040415

[26] Nielsen, P., Dahanayaka, M., Perera, H.N,, et al,,
2024. A Systematic Review of Vehicle Routing
Problems and Models in Multi-Echelon Distribu-
tion Networks. Supply Chain Analytics. 7, 100072.
DOI: https://doi.org/10.1016/j.sca.2024.100072

[27] Yamamoto, R., Takebayashi, M., 2023. Alliance and
Network in Maritime Shipping Industry. Mari-
time Policy & Management. 51(5), 761-780. DOI:
https://doi.org/10.1080/03088839.2023.222432
6

[28] Sirait, M., Charnsethikul, P, Paoprasert, N., 2025. A
Multi-Type Ship Allocation and Routing Model for
Multi-Product Oil Distribution in Indonesia With
Inventory and Cost Minimization Considerations:
A Mixed-Integer Linear Programming Approach.
Logistics. 9(1), 35. DOI: https://doi.org/10.3390/
logistics9010035

[29] Domachowski, Z., 2021. Minimizing Green-
house Gas Emissions From Ships Using a Pareto
Multi-Objective Optimization Approach. Polish
Maritime Research. 28(2), 96-101. DOI: https://
doi.org/10.2478/pomr-2021-0026

[30] Nykiel, D., Zmuda, A., Abramowski, T., 2025. A
Sustainability-Driven Approach to Early-Stage Off-
shore Vessel Design: A Case Study on Wind Farm
Installation Vessels. Sustainability. 17(6), 2752.
DOI: https://doi.org/10.3390/su17062752

[31] Grigoriadis, A., Mamarikas, S., loannidis, I., et al,,
2021. Development of Exhaust Emission Fac-
tors for Vessels: A Review and Meta-Analysis
of Available Data. Atmospheric Environment
X. 12, 100142. DOI: https://doi.org/10.1016/
j-aea0a.2021.100142

[32] Buirma, M., Vleugel, |., Pruyn, J., et al., 2022. Ship-
Based Carbon Capture and Storage: A Supply
Chain Feasibility Study. Energies. 15(3), 813. DOI:
https://doi.org/10.3390/en15030813

[33] Laryea, H., Schiffauerova, A., 2024. Environmen-
tal and Cost Assessments of Marine Alternative
Fuels for Fully Autonomous Short-Sea Shipping
Vessels Based on the Global Warming Potential

246


https://doi.org/10.3390/math12101511
https://doi.org/10.1145/3427796.3427820
https://doi.org/10.1145/3427796.3427820
https://doi.org/10.1016/j.smse.2024.100028
https://doi.org/10.1016/j.smse.2024.100028
https://doi.org/10.36819/sw25.017
https://doi.org/10.1016/j.ejor.2017.06.036
https://doi.org/10.1016/j.ejor.2017.06.036
https://doi.org/10.2174/1874447802115010093
https://doi.org/10.2174/1874447802115010093
https://doi.org/10.1016/j.eng.2022.12.009
https://doi.org/10.1016/j.eng.2022.12.009
https://doi.org/10.36956/sms.v7i2.1886
https://doi.org/10.36956/sms.v7i2.1886
https://doi.org/10.1115/1.4056882
https://doi.org/10.3390/jmse9040415
https://doi.org/10.1016/j.sca.2024.100072
https://doi.org/10.1080/03088839.2023.2224326
https://doi.org/10.1080/03088839.2023.2224326
https://doi.org/10.3390/logistics9010035
https://doi.org/10.3390/logistics9010035
https://doi.org/10.2478/pomr-2021-0026
https://doi.org/10.2478/pomr-2021-0026
https://doi.org/10.3390/su17062752
https://doi.org/10.1016/j.aeaoa.2021.100142
https://doi.org/10.1016/j.aeaoa.2021.100142
https://doi.org/10.3390/en15030813

Sustainable Marine Structures | Volume 07 | Issue 03 | September 2025

Approach. Journal of Marine Science and Engineer-
ing. 12(11), 2026. DOI: https://doi.org/10.3390/
jmse12112026

[34] Unal, A., 2025. An Analysis on the Place of Auton-
omous Ports in the World Maritime Industry and
the Transition of Turkish Ports to Autonomous
Port Systems. Kent Akademisi. 18(4), 2063-2082.
DOLI: https://doi.org/10.35674 /kent.1573158

[35] Adeli, K., Nachtane, M., Faik, A., et al,, 2023. How
Green Hydrogen and Ammonia Are Revolutionizing
the Future of Energy Production: A Comprehensive
Review of the Latest Developments and Future
Prospects. Applied Sciences. 13(15), 8711. DOI:
https://doi.org/10.3390/app13158711

[36] Park, C., Hwang, 1., Jang, H., et al., 2024. Com-
parative Analysis of Marine Alternative Fuels
for Offshore Supply Vessels. Applied Sciences.
14(23), 11196. DOI: https://doi.org/10.3390/
app142311196

[37] Grant, D., Shaw, S., 2021. Logistics and Supply
Chain Management Performance Measures. Inter-
national Encyclopedia of Transportation. 2021,
16-23. DOI: https://doi.org/10.1016/b978-0-08-
102671-7.10210-6

[38] Mohammad, A.A.S., Al-Hawary, S.L.S., Hindieh, A., et
al., 2024. Intelligent Data-Driven Task Offloading
Framework for Internet of Vehicles Using Edge
Computing and Reinforcement Learning. Data &
Metadata. 4, 521. DOI: https://doi.org/10.56294/
dm2025521

[39] Wagenvoort, M., Bouman, P, van Ee, M., et al,,
2025. Evaluating Ship-to-Shore Schedules Us-
ing Simulation. The Journal of Defense Mod-
eling and Simulation. 1-17. DOI: https://doi.
org/10.1177/15485129251338299

[40] Pan, X,, Xu, Q., Xu, T, et al., 2024. Primary Frequen-
cy Control Considering Communication Delay for
Grid-Connected Offshore Wind Power Systems.
Global Energy Interconnection. 7(3), 241-253.
DOI: https://doi.org/10.1016/j.gloei.2024.06.008

[41] Panaro, S., Poli, G., Botte, M., et al., 2023. Assessing
the Sustainability of the City-Port Transforma-
tions: Multi-Criteria Decision Analysis (MCDA) for
Alternatives Portfolio Selection. Valori e Valutazi-
oni. 32, 91-105. DOI: https://doi.org/10.48264/

vvsiev-20233208

[42] Tai, P.D., Jinawat, K., Buddhakulsomsiri, ]., 2023.
A Fuzzy Multiobjective Linear Programming Ap-
proach for Green Multiechelon Distribution Net-
work Design. Journal of Modelling in Management.
19(3), 1024-1055. DOI: https://doi.org/10.1108/
jm2-05-2023-0101

[43] Arican, O.H., 2025. Optimal Tugboat Placement in
Narrow Straits for Ship Safety: A Fuzzy Delphi and
P-Median Approach, as Exemplified by the Darda-
nelles Strait. Ships and Offshore Structures. 1, 1-13.
DOI: https://doi.org/10.1080/17445302.2025.25
02862

[44] Arican, O.H., Kara, E.G.E., 2024. Selection Model
of Chemical Tanker Ships for Cargo Types Using
Fuzzy AHP and Fuzzy TOPSIS. Regional Studies
in Marine Science. 78, 103724. DOI: https://doi.
org/10.1016/j.rsma.2024.103724

[45] Sovacool, B.K., 2024. The Low-Carbon Risk Society:
Dilemmas of Risk-Risk Tradeoffs in Energy Inno-
vations, Transitions, and Climate Policy. Risk Anal-
ysis. 45(1), 78-107. DOI: https://doi.org/10.1111/
risa.14667

[46] Laskar, LI., Giang, A., 2023. Policy Approaches to
Mitigate In-Use Methane Emissions From Natural
Gas Use as a Marine Fuel. Environmental Research
Infrastructure and Sustainability. 3, 25005. DOI:
https://doi.org/10.1088/2634-4505/accf33

[47] Winebrake, ].J., Corbett, ].J., Umar, F, et al,, 2019.
Pollution Tradeoffs for Conventional and Natural
Gas-Based Marine Fuels. Sustainability. 11(8),
2235. DOI: https://doi.org/10.3390/su11082235

[48] Mohammad, A.A.S., Al-Ramadan, A.M., Mohammad,
S.I, et al,, 2025. Enhancing Metadata Management
and Data-Driven Decision-Making in Sustainable
Food Supply Chains Using Blockchain and Al Tech-
nologies. Data & Metadata. 4, 683. DOI: https://doi.
org/10.56294/dm2025683

[49] Tsao, Y., Banyupramesta, I.G.A., Lu, ., 2024. Optimal
Resilient Fleet Route Policy in Shipping Industry:
Two-Stage Model for Minimizing Disruption-Relat-
ed Effect. Proceedings of the Institution of Mechan-
ical Engineers, Part M: Journal of Engineering for
the Maritime Environment. 239(2), 284-300. DOI:
https://doi.org/10.1177/14750902241272881

247


https://doi.org/10.3390/jmse12112026
https://doi.org/10.3390/jmse12112026
https://doi.org/10.35674/kent.1573158
https://doi.org/10.3390/app13158711
https://doi.org/10.3390/app142311196
https://doi.org/10.3390/app142311196
https://doi.org/10.1016/b978-0-08-102671-7.10210-6
https://doi.org/10.1016/b978-0-08-102671-7.10210-6
https://doi.org/10.56294/dm2025521
https://doi.org/10.56294/dm2025521
https://doi.org/10.1177/15485129251338299
https://doi.org/10.1177/15485129251338299
https://doi.org/10.1016/j.gloei.2024.06.008
https://doi.org/10.48264/vvsiev-20233208
https://doi.org/10.48264/vvsiev-20233208
https://doi.org/10.1108/jm2-05-2023-0101
https://doi.org/10.1108/jm2-05-2023-0101
https://doi.org/10.1080/17445302.2025.2502862
https://doi.org/10.1080/17445302.2025.2502862
https://doi.org/10.1016/j.rsma.2024.103724
https://doi.org/10.1016/j.rsma.2024.103724
https://doi.org/10.1111/risa.14667
https://doi.org/10.1111/risa.14667
https://doi.org/10.1088/2634-4505/accf33
https://doi.org/10.3390/su11082235
https://doi.org/10.56294/dm2025683
https://doi.org/10.56294/dm2025683
https://doi.org/10.1177/14750902241272881

