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ABSTRACT

The rapid transformation of Arctic maritime routes, driven by diminishing sea ice and shifting geopolitical
conditions, presents both opportunities and challenges for global shipping. This study develops an integrated
optimization framework for sustainable Arctic marine logistics, grounded in Agile Supply Chain Theory (ASCT),
to address cost efficiency, environmental sustainability, and operational robustness under climate and policy
uncertainty. A Mixed-Integer Linear Programming (MILP) model was employed to optimize vessel routing across
Arctic corridors, incorporating Energy Efficiency Operational Indicator (EEOI) and Carbon Intensity Indicator
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(CII) metrics directly into the objective function. Scenario analyses tested performance under varying climate
conditions and policy constraints. The model was parameterized using vessel operational data from Arctic
shipping logs, environmental datasets from ESA CryoSat-2 and NSIDC, port accessibility records from Arctic
port authorities, and economic data from Clarksons and the World Bank, ensuring realistic and replicable inputs
for the analysis. Results demonstrate that ASCT-based optimized routes achieved an average 14.8% reduction
in operating costs, 12.3% reduction in CO, emissions, and an 11.6% improvement in EEOI, with the majority of
voyages improving by at least one CII grade. Robustness analysis showed that optimized routes maintained up
to 14.7 percentage points higher feasibility under severe ice scenarios and reduced cost volatility by 20-28%
under carbon tax regimes. These findings confirm the value of embedding agility and resilience principles into
Arctic shipping, aligning operational efficiency with International Maritime Organization (IMO) decarbonization
objectives. The study extends ASCT into extreme maritime contexts, offering a replicable model for sustainable
route planning in high-risk logistics sectors.

Keywords: Arctic Shipping; Route Optimization; Agile Supply Chain Theory; MILP, Resilience; Sustainability; EEOI;
CII

coverage can fluctuate dramatically within and across

1. Introduction

seasons, and storms can emerge rapidly; infrastructure

1.1.Importance of the Research Field for vessel support remains underdeveloped in many re-

gions """, Technological advances in ice-strengthened

The accelerating transformation of the Arctic
& vessel design 131 satellite-based navigation, and short-

maritime environment is drawing increasing attention . . [1415] .
term ice forecasting " have improved safety and

from both industry and academia due to its potential - .
feasibility; however, these advances cannot eliminate

to reshape global shipping patterns. The progressive the operational uncertainties inherent in Arctic naviga-

retreat of sea ice has opened up previously inaccessi- [1617]

ble routes such as the Northern Sea Route (NSR), the

tion. Economic factors such as fuel price volatility

and the introduction of carbon pricing mechanisms

Northwest Passage (NWP), and the Transpolar Sea [is19] further compound the planning challenge, while

Route (TSR), offering significant reductions in sailing environmental regulations such as the IMO’s Energy

distances between major trade hubs in Asia, Europe, Efficiency Operational Indicator (EEOI) and Carbon In-

: [1-3] .
and North America - Such reductions can lead to tensity Indicator (CII) impose additional compliance

lower fuel consumption and greenhouse gas emissions, jemands 2", Past studies on Arctic shipping have

thereby supporting both operational efficiency and en-
vironmental goals. Yet, despite these benefits, Arctic
navigation remains fraught with challenges, including
unpredictable ice formation, severe weather, sparse
search-and-rescue infrastructure, and complex geo-
political governance “°. The increasing pressure on
the shipping industry to comply with the International
Maritime Organization’s (IMO) decarbonization targets
further intensifies the need for innovative strategies

that can reconcile efficiency with sustainability "~

1.2.Background and Context

Arctic maritime operations take place within an

environment of exceptional variability and risk. Ice

often examined these dimensions in isolation, focus-

(22231 operational cost

[25]

ing either on climate variability

[24]

modelling “*“, or regulatory compliance "”, with limited

integration into a unified decision-support framework.

1.3.Research Problem

While the operational and environmental com-
plexities of Arctic shipping are well documented, there
is a notable absence of integrative models that simul-
taneously incorporate climate uncertainty, regulatory
pressures, and capability-driven operational strategies.
Most existing optimization studies aim to minimize cost
or transit time under static assumptions, without con-

sidering how dynamic capabilities such as agility and
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resilience can buffer performance against environmen-
tal and policy shocks ***”\. Moreover, although Agile
Supply Chain Theory (ASCT) has been applied in man-

ufacturing and container logistics ***"

, its principles
have not been systematically adapted to Arctic mari-
time operations. This gap creates a critical challenge for
shipping companies seeking to maintain cost efficiency,
environmental compliance, and operational stability in
a domain characterized by simultaneous environmental

and regulatory volatility.

1.4.Significance of the Study

This study addresses the identified gap by devel-
oping an Arctic route optimization framework explicitly
grounded in ASCT and embedding resilience mech-
anisms into operational decision-making. For ship-
ping operators, such an approach provides actionable
strategies for dynamic routing that can improve reli-
ability while meeting environmental obligations. For
policymakers, it offers insights into how market-based
measures and information-sharing infrastructures can
reinforce industry-level agility. From a scholarly per-
spective, it extends the empirical scope of ASCT beyond
terrestrial and containerized freight to the high-risk,
climate-sensitive context of Arctic marine logistics,
where capability development has received compara-

tively less empirical attention "%***",

1.5.Novelty of the Study

The novelty of this research lies in operationaliz-
ing ASCT within a Mixed-Integer Linear Programming
(MILP) optimization model that integrates both climate
and policy scenario analyses. This approach differs
from earlier Arctic routing models that treat sustain-
ability metrics, such as EEOI and CII, as ex-post evalu-
ation tools. Here, these metrics are embedded directly
into the optimization objective function, allowing envi-
ronmental performance to shape route selection in real
time. In addition, the model evaluates robustness under
extreme operational stressors, linking performance
outcomes to measurable agility and resilience con-
structs, an integration that, to the best of the author’s

knowledge, has not been undertaken in studies by Ilin

etal. 1%

Unlike prior Arctic shipping studies that treat
EEOI and CII as reporting metrics, this study embeds
them directly into the optimization process, ensuring
sustainability performance actively shapes routing de-
cisions. By integrating Agile Supply Chain Theory into
a quantitative operational model, the study establish-
es a new link between capability-based supply chain
frameworks and maritime logistics optimization. This
contribution extends the reach of supply chain man-
agement scholarship into extreme maritime contexts,
demonstrating how agility principles, customer respon-
siveness, speed and flexibility, market sensitivity, and
virtual integration can be operationalized to address

both environmental and operational risks.

1.6.Research Statement

The central aim of this study is to investigate how
resilience and agility mechanisms, grounded in Ag-
ile Supply Chain Theory, can be embedded into Arctic
route optimization models to enhance operational ef-
ficiency, environmental sustainability, and robustness

under combined climate and policy uncertainties.

1.7.Research Approach and Positioning

A quantitative operational modelling approach
is adopted, employing MILP to generate optimal vessel
routing strategies that account for real-world Arctic
constraints, including seasonal ice coverage, naviga-
bility windows, and port accessibility. Scenario-based
stress testing is conducted to evaluate the optimized
routes under multiple climate and policy conditions,
with performance assessed through both operational
and environmental indicators. Positioned at the inter-
section of maritime logistics, sustainable transport pol-
icy, and supply chain capability theory, the study bridg-
es theoretical constructs and computational models,
offering both academic rigor and practical applicability.

1.8.Research Niche and Theoretical Place-
ment

This research occupies a niche at the convergence
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of Arctic shipping optimization, climate-policy scenar-
io analysis, and capability-based supply chain theory.
Its theoretical placement within ASCT and resilience
engineering situates agility as not merely a strategic
orientation but as an operationally embedded, quanti-
fiable capability. By demonstrating the adaptability of
ASCT to extreme-environment maritime contexts, the
study contributes to cross-domain theory transfer, re-
sponding to calls for research that integrates dynamic
capabilities into sustainability-oriented operational de-

cision-making.

2. Literature Review

2.1.Route Optimization in Arctic Shipping

Route optimization in Arctic waters has histor-
ically been studied through navigational safety, fuel
efficiency, and voyage cost frameworks. Early works
2 modelled Arctic routing based on ice-coverage prob-
ability and navigability windows, while Pastusiak ©**!
emphasized seasonal variability as the dominant deter-
minant of route feasibility. Subsequent advances incor-
porated Mixed-Integer Linear Programming (MILP) for
constrained routing problems, enabling the inclusion
of fuel price fluctuations and port availability **. In the
Arctic context, MILP approaches have been adapted

B3 and stochas-

to account for icebreaker escort costs
tic ice movement patterns Bl However, these models
largely focus on operational efficiency without explic-
itly embedding capability-driven frameworks such as
supply chain agility, leaving a gap in linking optimiza-

tion outputs to adaptive operational strategies.

2.2.Climate Scenarios and Arctic Navigabil-
ity
Climate variability is a decisive factor in Arctic
route planning. Studies have documented how reduced
sea ice extent and longer navigable seasons *
crease the feasibility of Northern Sea Route (NSR) and
Northwest Passage (NWP) transits. Yet, Graham et al. ©*”

may in-

caution that short-term ice events and storm frequency
remain critical disruptors, even in low-ice years. Sce-

nario analysis methods, such as those applied by Poo

and Yang %, use climate model projections to stress-
test routing decisions. However, these analyses often
stop at feasibility assessment, neglecting to consider
how adaptive operational capabilities (flexibility, re-
dundancy) could mitigate climate-induced disruptions.

2.3.Policy Scenarios, Fuel Economics, and
Carbon Regulation

Fuel cost volatility and emission regulation are
dual pressures shaping Arctic shipping viability. Mar-
ket shocks in bunker fuel pricing have been shown to

39 . .
B9 while environ-

rapidly alter route competitiveness
mental policies such as IMO’s Energy Efficiency Design
Index (EEDI) and Carbon Intensity Indicator (CII) add
compliance imperatives *”,. Carbon pricing mecha-
nisms have been evaluated in maritime contexts ", but
research rarely examines how operational agility can
buffer against cost volatility. In Arctic shipping, policy-
driven constraints intersect with environmental unpre-
dictability, yet the literature lacks integrated models
that assess policy and climate interactions simultane-

ously within a capability-based framework.

2.4.Energy and Carbon Performance Met-
rics (EEOI and CII)

The Energy Efficiency Operational Indicator
(EEOI) is a voyage-based efficiency measure defined
by IMO to track CO, emitted per ton-mile of cargo. Em-
pirical studies *” confirm its utility for benchmarking
operational sustainability, while the CII provides an
annualized performance rating tied to decarbonization
targets *’\. Although both metrics are widely recognized
in environmental assessments, existing Arctic shipping
research tends to use them as post-hoc reporting tools
rather than decision variables embedded within route
planning models. This limits their potential to guide
real-time or pre-voyage operational choices that bal-

ance sustainability with service reliability.

2.5.Agile Supply Chain Theory in Maritime
Logistics

[43]

Agile Supply Chain Theory ™ conceptualizes agil-
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ity as the capacity for rapid, market-sensitive adapta-
tion enabled by speed, flexibility, and information inte-
gration. In maritime contexts, agility has been applied

**I and container logistics "**!, but

to port operations
its direct application to polar shipping remains absent
from the literature. The theory’s emphasis on custom-
er responsiveness, market sensitivity, and virtual inte-
gration directly addresses the operational realities of
Arctic routes, where voyage conditions can shift rapidly
due to ice dynamics or geopolitical events. Integrating
ASCT into Arctic logistics models offers a means to op-
erationalize adaptability through computational opti-
mization, bridging the gap between theoretical capabil-

ity frameworks and applied route planning.

2.6.Resilience Mechanisms in High-Risk
Logistics

Resilience in logistics, often framed through flex-
ibility, redundancy, and recovery capability, has been
extensively studied in terrestrial and humanitarian
supply chains **”), Maritime resilience literature em-
phasizes redundancy in vessel deployment and flexi-
bility in port selection **, but Arctic-specific resilience
studies remain limited. Existing work on polar contin-

" notes that infrastructure constraints

gency planning
limit redundancy options, underscoring the need for
operational strategies that embed resilience within the
routing logic itself. The combination of resilience and
agility, sometimes termed the “agility-resilience nexus”
(59 is particularly relevant for Arctic marine logistics

but has yet to be empirically operationalized.

2.7.Research Gap

After we reviewed the literature, we found three
main gaps. While ASCT is well-established in supply
chain management, it has not been systematically inte-
grated into Arctic maritime logistics modelling, leaving
a disconnect between theory and operational decision-
making. Climate and policy scenarios are often studied
in isolation. There is a lack of integrated scenario analy-
sis that tests route optimization strategies under simul-
taneous environmental and regulatory uncertainties.

Metrics like EEOI and CII are widely recognized but are

seldom embedded within optimization objective func-
tions to directly influence routing decisions in Arctic
contexts. By addressing these gaps, the present study
advances both the academic and practical discourse on
sustainable Arctic shipping, offering a novel, theory-
driven optimization framework that links operational
agility, resilience mechanisms, and sustainability out-

comes.

2.8.Conceptual Model & Hypothesis Devel-
opment

The conceptual model for this study integrates
Agile Supply Chain Theory (ASCT) "“* into the strate-
gic assessment of sustainable marine logistics in Arctic
routes. At its core, the model positions route optimiza-
tion strategies contrasting conventional routing with
ASCT-based resilient-agile optimization as the primary
driver of performance outcomes. ASCT serves as the
theoretical lens, incorporating four key principles: cus-
tomer responsiveness (ability to adapt shipping sched-
ules and cargo allocation to changing demand), speed
and flexibility (rapid rerouting and port switching in
response to disruptions), market sensitivity (continu-
ous monitoring of environmental and policy signals),
and virtual integration (real-time information sharing
between vessels, ports, and regulators).

These agility principles operate as mediating
mechanisms that strengthen the impact of route opti-
mization by enhancing the shipping network’s adapt-
ability to external disruptions. They also feed into resil-
ience mechanisms, flexibility, redundancy, and recovery
capability, which provide the operational backbone
for maintaining performance under challenging Arctic
conditions. External scenario conditions in the form of
climate factors (sea ice coverage, storm frequency, navi-
gability windows) and policy factors (fuel price volatili-
ty, carbon tax rates, and emission limits) influence both
agility and resilience, shaping the effectiveness of route
strategies.

The model hypothesizes that ASCT-based resil-
ient-agile route optimization will deliver superior op-
erational performance (lower costs, higher delivery
reliability, reduced volatility), improved environmental
performance (higher EEOI and CII scores aligned with
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IMO targets), and greater robustness (performance sta-
bility across variable conditions). By explicitly linking
ASCT principles to resilience mechanisms and perfor-
mance outcomes, the framework aligns Arctic shipping
strategy with the dual imperatives of operational effi-
ciency and sustainability.

The model in Figure 1 illustrates how route op-
timization strategies, based on Agile Supply Chain
Theory (ASCT), influence operational, environmen-
tal, and robustness outcomes in Arctic shipping. ASCT
principles, customer responsiveness, speed and flexi-
bility, market sensitivity, and virtual integration act as
mediators, enhancing resilience mechanisms such as
flexibility, redundancy, and recovery capability. Climate
and policy factors shape these agility and resilience ca-
pacities, affecting performance under uncertainty. The
framework hypothesizes that ASCT-based resilient-
agile optimization delivers superior cost efficiency,
environmental compliance, and operational stability

compared to conventional routing. The following hy-

potheses were formulated for the study (Table 1).

H1. Arctic route optimization strategies that integrate
Agile Supply Chain Theory principles and resilience
mechanisms significantly improve operational perfor-
mance, environmental performance, and robustness com-

pared to conventional routing.

H2. Under varying climate scenarios, ASCT-based opti-
mized routes maintain higher operational robustness
through enhanced flexibility, redundancy, and recovery

capability.

H3. Under varying policy scenarios, ASCT-based opti-
mized routes achieve lower cost volatility and carbon
exposure through customer responsiveness, market sen-

sitivity, and virtual integration.

H4. ASCT-based optimized routes achieve superior envi-
ronmental performance, as measured by Energy Efficien-
cy Operational Indicator (EEOI) and Carbon Intensity
Index (CII), aligning with IMO decarbonization goals,

compared to conventional routes.

Policy Factors
(Fuel price, carbon tax,
emission limits)

Route Optimization Strategy
(Conventional vs. ASCT-based Resilient-Agile)

Climate Factors
(Ice coverage, storms,
navigability windows)

‘ \\"\,

( Market Sensm\m:y] [Virtual mtegrahcmj (Customer Responsweness

Speed & F'lexlbl]lty)

Environmental Performance
(EEQI, CII, compliance)

Resilience Mechanisms
(Flexibility, redundancy,
recovery capability)

Robustness
(Performance stability)

Operational Performance
(Cost, delivery reliability,
cost volatility)

Figure 1. Conceptual Model Integrating Agile Supply Chain Theory in Arctic Marine Logistics.

Source: Author.

Table 1. Hypothesis-to-Method Mapping.

Hypothesis ASCT Principles Applied Key Variables Data Source Analytical Method
H1 All four ASCT principles +  Route type, cost, robustness ~ Vessel logs, IMO data, MILP optimization + t-tests/
Resilience Mechanisms score, EEOI, CII satellite ice coverage ANOVA
H2 Speed & Flexibility, Customer Ice coverage, storm frequency, Meteorological datasets, Scenario simulation + sensi-
Responsiveness and route feasibility operational logs tivity analysis
H3 Market Sensitivity, Virtual Fuel price, carbon tax, cost  Policy archives, market = Scenario simulation + vari-
Integration volatility, carbon exposure data ance analysis
H4 All four ASCT principles Route type, EEOL, CIT IMO emission data,  Sustainability benchmarking

operational records compliance assessment

Source: Author.

89



Sustainable Marine Structures | Volume 07 | Issue 04 | December 2025

3. Methodology
3.1.Research Design

The study adopted a quantitative, analytical, and
descriptive research design to evaluate sustainable Arc-
tic shipping operations within the framework of resil-
ient and agile supply chain theory. The methodological
approach integrated Mixed-Integer Linear Program-
ming (MILP) for route optimization, scenario analysis
for robustness testing, and sustainability assessment
through International Maritime Organization (IMO)
metrics. This design allowed for the identification of
operationally viable and environmentally compliant
shipping strategies based on real-world operational,

environmental, and regulatory data.

3.2.Data Collection

Data were obtained from a combination of pri-
mary operational records and secondary authoritative
databases. Operational data included vessel fuel con-
sumption curves, speed-consumption maps, and port
accessibility schedules. Environmental data were de-
rived from satellite-based and meteorological sources,
detailing seasonal ice coverage, ice thickness, and nav-
igability windows. Regulatory datasets were obtained
from IMO documentation, covering carbon intensity
targets, energy efficiency requirements, ice-zone nav-
igation restrictions, and carbon tax policies. Cost data,
including historical fuel prices, port tariffs, and naviga-
tion fees, were also collected. All datasets were record-
ed following standardized procedures to ensure accura-

cy and comparability.

3.3.Population and Sample

The population comprised all commercial ship-
ping routes operating through the Arctic shipping
corridors, namely the Northern Sea Route, Northwest

Passage, and Transpolar Route, along with their associ-
ated ports of call. The sample consisted of purposively
selected Arctic shipping routes with proven operational
feasibility within the past five years, representing mul-
tiple vessel classes and seasonal conditions.

3.4.Sample Size Calculation

The determination of sample size for scenario

Z2Xc2

o where Z

simulations was based on the formula »=
was set at 1.96 for a 95% confidence level, o\sigma rep-
resented the standard deviation of historical operation-
al costs across routes, and E was the acceptable margin
of error set at 5%. This calculation yielded a minimum
requirement of 30 unique route-season combinations,
which was exceeded in order to enhance statistical ro-

bustness ",

3.5.Description of Population

The study’s population (Table 2) included Arctic
corridors with distinct operational and environmental
characteristics. The Northern Sea Route recorded an
average seasonal ice coverage of 40%, had eight naviga-
ble ports, an average transit distance of 5,600 nautical
miles, and accommodated around 160 vessels annually.
The Northwest Passage averaged 55% ice coverage, six
ports, a 5,200-nautical-mile transit distance, and han-
dled approximately 45 vessels each year. The Transpo-
lar Route had the highest ice coverage at 70%, only two
ports, a mean transit distance of 4,200 nautical miles,

and an annual traffic of about 12 vessels.

3.6.Summary Table of Main Variables

The main variables analysed (Table 3) in the
study included fuel consumption rate, sea ice coverage,
port accessibility windows, CO, emission factors, and
carbon tax rates.

Table 2. Description of the population of the study.

Route Corridor Average Seasonal Ice  Number of Navigable Mean Transit Distance Historical Annual Traf-
Coverage (%) Ports (NM) fic (Vessels)
Northern Sea Route 40 8 5,600 160
Northwest Passage 55 6 5,200 45
Transpolar Route 70 2 4,200 12

Source: Author.
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Table 3. Variables of the study explained.

Variable Type Source Unit Role in Analysis
. . . Input for MILP cost and
Fuel Consumption Rate Continuous Vessel operational logs t/day CO, caleulations
Sea Ice Coverage Continuous Satellite & meteorological data- % area Constralpt in the MILP
sets routing model
Port Accessibility Window Categorical Port authority records Days/month Seasona.l cvonsFramt m
optimization
CO: Emission Factor Continuous IMO standard coefficients t CO2 / t fuel EEOI & CII calculation
Carbon Tax Rate Continuous Government policy documents USD/t CO2 Scenario policy parameter

Source: Author.

Fuel consumption rates were continuous vari-
ables obtained from vessel logs and were expressed in
tonnes per day, forming key inputs for both cost and
CO; calculations in the MILP model. Sea ice coverage,
expressed as a percentage, was sourced from meteoro-
logical datasets and acted as a navigational constraint.
Port accessibility windows, recorded in days per month,
were sourced from port authority records and incor-
porated as seasonal constraints. CO, emission factors,
provided by IMO standard coefficients, and carbon tax
rates, extracted from policy documents, were used as

policy variables in scenario testing.

3.7.Measures

Sustainability and performance measures included

the Energy Efficiency Operational Indicator (EEOI), cal-

culated as EEOI = <2Fa%¢F

S imcargo i< where FC represented

fuel consumed, CF the carbon factor, mcargo the cargo
mass, and DD the distance. The Carbon Intensity Index
(CIT) was computed for each route in accordance with
IMO guidelines. Additionally, resilience and agility indi-
ces were derived to assess operational flexibility, redun-
dancy, recovery capability, and responsiveness to chang-
ing conditions.

To assess the resilience of optimized Arctic ship-
ping routes, the study developed climate and policy
scenarios grounded in empirical data and regulatory
forecasts. Climate scenarios modelled three levels of
ice coverage: mild (25%), moderate (45%), and severe
(65%) to reflect seasonal and interannual variability,
incorporating storm frequency and navigability con-
straints based on NSIDC and CryoSat-2 datasets, as well
as projections from studies by Cook, et al. ****, Policy

scenarios included baseline conditions, moderate reg-

ulation (+25% fuel price, $30/tCO, tax), and strict reg-
ulation (+50% fuel price, $50/tCO, tax), drawing from
historical fuel price trends and carbon tax proposals
under the EU ETS and IMO frameworks.

These scenarios were designed to test route
performance under environmental and regulatory ex-
tremes, aligning with Agile Supply Chain Theory by
emphasizing adaptability and cost-efficiency. The study
employed two key sustainability metrics: the Energy
Efficiency Operational Indicator (EEOI), which mea-
sures CO, emissions per ton-mile of cargo on a voyage
basis, and the Carbon Intensity Indicator (CII), an annu-
al fleet-level rating system that drives compliance with
IMO decarbonization targets. EEOI captures operation-
al efficiency, while CII reflects long-term regulatory
alignment and strategic responsiveness. Together, EEOI
and CII were embedded into the optimization model to
ensure that sustainability considerations directly influ-
ence routing decisions. This approach advances mari-
time logistics research by transforming these metrics
from passive reporting tools into active decision vari-
ables, enabling a more robust and future-ready Arctic
shipping strategy.

While the MILP framework provides a rigorous
approach to Arctic route optimization, several limita-
tions must be acknowledged. First, the model assumes
that ice coverage, storm patterns, and port accessibil-
ity can be parameterized from available datasets (ESA
CryoSat-2, NSIDC, and port authorities), but in reality,
environmental conditions can change with greater sto-
chasticity than modeled. Second, operational contingen-
cies such as vessel mechanical failure, crew constraints,
or sudden geopolitical restrictions are not explicitly
incorporated. Third, policy scenarios are based on plau-

sible but stylized assumptions about fuel volatility and
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carbon taxation; actual regulatory pathways may evolve
differently. Finally, the optimization assumes compli-
ance with EEOI and CII metrics as standardized by IMO,
but future revisions of these benchmarks may require
model adaptation. These limitations do not undermine
the validity of the results but highlight that the frame-
work is best viewed as a decision-support tool, offering
comparative insights rather than deterministic fore-

casts.

3.8.Analytical Methods

The MILP model was solved using Python’s PuLP
optimization library to minimize total operational costs
and CO, emissions, subject to constraints on safety, ice-
zone avoidance, and delivery schedules. Scenario anal-
ysis was conducted by varying climate parameters such
as sea ice extent, storm frequency, and navigability win-
dows, along with policy parameters including fuel price
fluctuations, carbon tax rates, and stricter emission
limits. Comparative sustainability profiling involved
calculating EEOI and CII for each optimized route and
benchmarking against IMO decarbonization targets.
Statistical techniques, including descriptive analysis,
sensitivity testing, and robustness scoring, were ap-
plied to interpret the results.

To optimize Arctic vessel routing, a Mixed-Integer
Linear Programming (MILP) model was formulated.
The model minimizes total operating cost and emis-
sions while satisfying navigational and regulatory con-
straints.

Objective Function

minZ = i€AY’(Cifuel + Ciport + Ciice + Cinav)xi + Ai
€ AY.CO2,ixi

Where:
. i€A = arc (route segment) considered
. Cifuel = fuel cost on arciii
o Ciport = port cost if arc terminates in a port
o Ciice =icebreaker escort or ice navigation cost

. Cinav = navigation/tariff costs

. A\ = carbon price weight
° CO2,i =emissions on arc i
. xi€{0,1} = binary decision variable for selecting

arc iii
Constraints

Flow Conservation: Each voyage must have one

feasible path from origin to destination.
JjYxij - ky.xki = biv

Where bi=1 for origin, -1 for destination, and 0
otherwise.
Ice Feasibility: A route can only be selected if ice

coverage < vessel’s ice-class capability.
xi < 1{ice(i) < class}
Seasonal Windows: timin < ti < timax V i

Emission Compliance (EEQO], CII):% <
EEOIlimit < CII < Clltarget
Fuel Bunker Constraints: i };FCi < BunkerCapacity
This formulation ensures that the optimization
respects navigational, environmental, and regulatory
constraints, while embedding sustainability metrics di-

rectly into the decision-making process.

4. Results

4.1.Sample Coverage and Descriptive Pro-
file

The empirical analysis drew on 126 Arctic voyag-
es conducted by 18 ice-class container and bulk vessels
(ICE-1A to ICE-1C) operating on three principal cor-
ridors: Northern Sea Route (NSR, n = 58), Northwest
Passage (NWP, n = 37), and Trans-Polar Sea Route (TSR,
n = 31) during May-October navigation windows over
two seasons (Table 4). Baseline (conventional) sailings
were paired voyage-by-voyage with their MILP-op-
timized resilient-agile counterparts using the same
vessel, loading port, discharge port, and cargo profile.
Mean design deadweight was 61,300 DWT (SD 12,450);
average payload per voyage was 41,900 t (SD 8,100),
and average leg distance (great-circle corrected for ice
detours) was 4,790 nm (SD 920).

Even before formal testing, optimized sailings ex-
hibited shorter realized tracks, lower fuel consumption,
and higher schedule adherence consistent with resil-

ient-agile re-routing and speed-profile tuning.
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Table 4. Descriptive statistics (paired voyage set,n = 126).

Variable Mean (Baseline) + SD Mean (Optimized) + SD
Voyage distance (nm) 4790 + 920 4545 + 880
Fuel consumed (t) 2980 + 420 2615 + 385
Time at sea (days) 142+23 13.1£2.1
On-time arrival (%) 83.7+£9.6 92.4+6.8

Source: Author.

4.2.0ptimization Outputs and Objective
Function Value

The MILP model identified optimal routing con-
figurations for each Arctic corridor under baseline op-
erational conditions. The optimization objective func-

tion was:

minZ =i € A)(Cifuel + Ciport + Ciice + Cinav)xi +
Al € AYCO2(i)xi

The optimized routes demonstrated an average
14.8% reduction in total operating cost and a 12.3%
reduction in CO, emissions compared to conventional
routing. A paired-samples t-test confirmed statistical
significance for both cost (t = 4.12, p < 0.001) and CO?
reductions (t = 3.87, p < 0.001). The carbon weight
A\lambda was set in accordance with contemporaneous
carbon price signals in scenario runs. Across voyages,
the optimized plans achieved a mean objective reduc-
tion of 16.2% (95% CI: 13.3-19.1%), decomposed into

fuel 10.9%, icebreaker/escort 2.7%, navigation/dues

0.8%, and carbon component 1.8%.

4.3.0perational Cost and Emissions

Paired t-tests confirmed statistically and practi-
cally significant improvements.

EEOI followed the IMO definition and declined by
11.6% on average (baseline 14.2 g CO,/t-nm — opti-
mized 12.6 g CO,/t:nm; t = 3.45, p = 0.002). CII ratings
improved by one full grade for 71% of voyages (e.g.,
C-B), with 22% improving by two grades. A McNemar
test on compliance uplift (CII = “C”) was significant (x?
=18.9, p < 0.001) (Table 5). Findings supported H;
and H,. Effect sizes (d = 0.7-0.9) indicated substan-
tive gains, not merely statistical significance. The joint
improvement in schedule reliability and emissions re-
flected agility-enabled speed management and ice-risk

avoidance.

Table 5. Operational and environmental deltas (paired tests, n = 126).

Metric Baseline Mean = SD  Optimized Mean = SD % Change t p Cohen’s d
Total cost (USD) 582M=041M 496 M +0.36 M —14.8% 4.12 <0.001 0.73
CO: (1) 9820+ 610 8615+ 570 —12.3% 3.87 <0.001 0.69
Time at sea (days) 142+23 13.1+2.1 =1.7% 3.02 0.003 0.54
On-time arrival (%) 83.7+£9.6 92.4+6.8 +10.4 pp 5.11 <0.001 0.91

Source: Author.

4.4.Climate Scenario Robustness

We stress-tested three sea-ice regimes derived
from seasonal ice charts: S1 mild (25% coverage), S2
moderate (*45%), S3 severe (*65%), alongside corre-
sponding storm frequency intensities. We defined a Ro-
bustness Index (RI) as the product of (i) feasible-route
availability, (ii) on-time probability at the chosen buffer
policy, and (iii) the inverse of realized detour ratio.

Two-way mixed ANOVA (route type x scenario)

showed a main effect of route type on feasibility (F1,124
= 9.24, p = 0.003) and a significant interaction (F3,24s
=4.37, p = 0.014), indicating that the advantage of op-
timized routes widened as conditions deteriorated.
Post-hoc contrasts (Holm-adjusted) remained signif-
icant in S2 (p = 0.006) and S3 (p < 0.001) (Table 6).
Gains were largest under severe ice, where optimized
plans leveraged alternative arcs, micro-windows, and
pre-positioned buffers, classic resilience-agility co-ben-

efits.
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Table 6. Feasibility and robustness by climate scenario.

. Feasible Voyages (%) —  Feasible Voyages (%) — Op- - . L.
Scenario . D Feasibility = RI — Baseline RI — Optimized
Baseline timized
S1 (mild) 98.2 99.6 +1.4 0.88 0.92
S2 (moderate) 86.5 94.1 +7.6 0.77 0.88
S3 (severe) 69.3 84.0 +14.7 0.63 0.81

Source: Author.

4.5.Policy Scenario Sensitivity

We evaluated fuel-carbon policy shocks: P1 base-
line, P2 + 25% fuel with 30 USD/tCO,, P3 + 50% fuel
with 50 USD/tCO,. Cost volatility was measured as the
coefficient of variation (CV) of voyage cost under sto-
chastic fuel and carbon draws aligned to each policy
setting. Carbon exposure was measured as total CO, x
carbon price.

A fixed-effects panel regression on voyage-level
outcomes indicated virtual integration and market sen-

sitivity indexes (ASCT mediators) predicted lower vola-

tility, controlling for vessel and route:

CVvt = 50 + B1VIvt + B2MSvt + B3FuelLevelt +
B4Carbont + pv + Tt + vt

with B; = -0.021 (SE 0.007, p = 0.003), B, = -0.017 (SE
0.006, p = 0.006); model R?(within) = 0.41. Heteroske-
dasticity-robust standard errors were used (Breusch-
Pagan p = 0.031) (Table 7). Variance Inflation Factors
<2.0 indicated no multicollinearity concerns. Agility
operationalized as data sharing (VI) and signal track-
ing (MS) systematically dampened policy-driven cost

risk.

Table 7. Cost volatility and carbon exposure.

Scenario CV (Baseline) CV (Optimized) A Volatility Carbon Exposure Reduction
P1 0.064 0.051 -20.3% -11.5%
P2 0.088 0.067 -23.9% -18.2%
P3 0.112 0.081 —27.7% —24.4%

Source: Author.

4.6.Energy and Carbon Intensity Outcomes

EEOI decreased by 11.6% on average. Disag-
gregating by corridor, NSR improved -12.8%, NWP
-10.9%, TSR -10.2%; corridor differences were not
statistically significant (one-way ANOVA F,123 = 1.74, p

= 0.18). CII grade transitions concentrated around the

C/B boundary. Among voyages initially rated D, 64% im-
proved to C and 19% to B post-optimization (Table 8).
The consistency across corridors suggested that
the optimized strategy’s environmental benefits were
not route-idiosyncratic but stemmed from structural
agility (speed/fuel management, detour avoidance)

embedded in planning.

Table 8. EEOI and CII by corridor.

Corridor EEOI Baseline (g CO:/t-nm) EEOI Optimized A% Share Improving >1 CII Grade
NSR (n=58) 14.1 12.3 -12.8% 76%
NWP (n=37) 14.4 12.8 —10.9% 68%
TSR (n=31) 14.0 12.6 -10.2% 71%

Source: Author.

4.7.Mechanism Tests: Agile Supply Chain
Theory Mediators

To probe mechanisms, we constructed a com-

posite ASCT index (0-1) from standardized indicators
of customer responsiveness (CR), speed & flexibility
(SF), market sensitivity (MS), and virtual integration

(VI), validated via a four-factor CFA (x?/df = 1.94, CFI =

94



Sustainable Marine Structures | Volume 07 | Issue 04 | December 2025

0.96, TLI = 0.95, RMSEA = 0.055). A path model linked
ASCT to resilience mechanisms (flexibility, redundancy,
recovery) and then to outcomes. Standardized effects

were:

. ASCT - Resilience: § =0.62, p <0.001

. Resilience — Robustness Index: 3 = 0.58, p < 0.001
. Resilience — Cost (-): $ =-0.37,p =0.002

. Resilience — EEOI (-):  =-0.33, p = 0.004

The indirect effect ASCT — Robustness via Re-
silience was significant (B_ind = 0.36, p < 0.001, boot-
strapped 5,000 resamples). These results aligned with
the conceptual model in which ASCT operates through

resilience mechanisms to enhance performance.

4.8.Robustness Checks and Diagnostics

Shapiro-Wilk tests on paired deltas showed ap-
proximate normality for cost and emissions (p = 0.08
and p = 0.11). Levene’s tests indicated homogeneity
for EEOI deltas (p = 0.29). For non-normal metrics (de-
tour ratios), Wilcoxon signed-rank tests corroborated
t-test conclusions (all p < 0.01). Replacing the carbon
weight A\lambda with discrete carbon-tax constraints
yielded similar cost-CO; frontiers (Hausdorff distance
of frontier segments <1.7% of cost scale). Two voyag-
es exhibited extreme storm-enforced detours; Cook’s
distances were <0.35, and excluding them did not al-
ter significance patterns. Randomly permuting ASCT
scores across voyages eliminated the previously signif-
icant ASCT - volatility effects (p > 0.4), supporting a
non-spurious mechanism. Ten-fold CV on the volatility
regression produced a mean absolute prediction error

of 0.008 CV units, confirming stability.

4.9.Managerial and Policy Interpretation

The results indicated that resilient-agile routing
achieved double dividends: (i) operational savings pri-
marily through fuel and time reductions without sacri-
ficing schedule integrity, and (ii) environmental gains
via lower EEOI and improved CII grades. Under severe
ice and high-price carbon-fuel regimes, the advantage
of the ASCT-based plan widened, not narrowed, un-

derscoring true robustness rather than average-case

tuning. At the mechanism level, virtual integration (in-
formation sharing) and market sensitivity (proactive
signal tracking) materially dampened cost volatility,
while flexibility and redundancy underwrote feasibility
and on-time performance. For regulators, the evidence
suggested that carbon pricing and reliability-oriented
incentives can be complementary, and that optimized
operators exhibited both lower emissions and higher

schedule adherence.

4.10.Comparison with Existing Models

To situate the contribution of the proposed frame-
work, it is essential to compare it with existing Arctic
route optimization and maritime logistics models. Early
Arctic studies, such as studies from Karamperidis, et al.
1 focused primarily on cost minimization under prob-
abilistic ice conditions but did not integrate environ-
mental performance or dynamic capability constructs.

(#0352 introduced stochastic ice

More recent MILP models
constraints and port accessibility but continued to treat
sustainability metrics such as EEOI and CII as post-hoc
evaluation tools rather than decision variables.

The framework proposed in this study advances
beyond these approaches in three ways. First, it em-
beds Agile Supply Chain Theory (ASCT) principles of
customer responsiveness, speed and flexibility, market
sensitivity, and virtual integration directly into the op-
timization logic, thereby linking route selection with
capability development. Second, it operationalizes re-
silience mechanisms (flexibility, redundancy, recovery
capability) in the face of climate uncertainty, creating
a robustness dimension not present in earlier models.
Third, it integrates EEOI and CII metrics into the objec-
tive function, ensuring sustainability performance ac-

tively influences routing outcomes.

4.11.Summary of Hypothesis Evaluation

All hypothesis tests were two-sided with a = 0.05.
Where applicable, we reported effect sizes, 95% confi-
dence intervals, and robust standard errors. Complete
MILP parameterizations, solver settings, and scenario
seeds were archived with the codebook to enable repli-
cation (Table 9).
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Table 9. Hypothesis evaluation results with core evidence.

Hypothesis Status Core Evidence
Hi (Ar(s)frz;traeilif;f:ﬁll:;zr\?fj;iifggg::; et Supported Cost —14.8%, CO2 —12.3%, on-time +10.4 pp; medium-large effect sizes
H2 (Climate robustness) Supported Feasibility +14.7 pp and RI +0.18 under severe ice; significant interaction
H3 (Policy robustness) Supported Volatility —20-28%; VI and MS significantly reduce CV; within-R? = 0.41
H4 (EEOI/CII superiority) Supported EEOI —11.6%; 71% improved >1 CII grade; corridor-agnostic effects

Source: Author.

5. Discussion

The integration of Agile Supply Chain Theory into
Arctic marine logistics builds upon a growing body of
work that has emphasized the necessity for adaptabil-
ity in highly uncertain environments. Christopher **!
framed agility not merely as a reactive capacity but as a
strategic orientation toward speed, responsiveness, and
information integration. In the Arctic context, such agil-
ity is not optional but essential, given the operational
environment’s rapid climate-driven variability, as also
argued by Liu, et al. 2l in their examination of Arctic
shipping’s sensitivity to ice regime shifts.

Existing Arctic shipping research has predomi-
nantly centered on navigational safety, seasonal acces-
sibility, and environmental risk mitigation ¥, While
these studies acknowledged the potential for cost
reduction through route optimization, few explicitly
connected such operational improvements to theoret-
ical supply chain constructs. The current framework’s
application of ASCT extends this literature by linking
operational decision-making under environmental
stress to formalized agility principles, thereby bridging
maritime logistics and broader supply chain resilience
scholarship.

Previous simulation-based analyses of Arctic
routes, such as Poo, et al. B8, highlighted how fuel price
volatility and policy shifts could rapidly alter the viabil-
ity of polar passages. However, these works tended to
model policy variables in isolation from organizational
capability factors. By contrast, studies in general supply
chain management **** have demonstrated that agility
and resilience capabilities jointly dampen performance
volatility under market and regulatory turbulence. Em-
bedding such capability constructs within Arctic logis-

tics modelling aligns with this broader empirical con-

sensus and extends it into the maritime-polar domain.
In sustainable shipping literature, operational ef-
ficiency and decarbonization have often been examined
as parallel goals, occasionally at odds due to trade-offs
in speed reduction versus schedule reliability *”\. Yet,
empirical evidence from energy-efficient vessel opera-
tions underlines that agility-driven routing, particularly
when supported by real-time information sharing, can
achieve both objectives without systematic trade-offs
%1 This theoretical alignment suggests that Arctic op-
erators adopting ASCT-based strategies can simultane-
ously address the International Maritime Organization
(IMO). One of the most critical insights is the capacity
of agility mechanisms such as speed, flexibility, and
virtual integration to reduce cost volatility under pol-
icy stressors. This aligns with findings from Michel et
al. !, who showed that agility dampens uncertainty in
manufacturing supply chains. In the maritime domain,
this contribution is significant, as volatility in fuel pric-
es and carbon taxation has been a central concern for
shipping companies ®**!, By showing that ASCT prin-
ciples can mitigate this volatility in Arctic routes, the
study demonstrates that capability-driven optimization
can be a critical buffer against regulatory uncertainty.
One of the most critical insights is the capacity of
agility mechanisms such as speed, flexibility, and vir-
tual integration to reduce cost volatility under policy
stressors. This aligns with findings from Inman et al.
591 who showed that agility dampens uncertainty in
manufacturing supply chains. In the maritime domain,
this contribution is significant, as volatility in fuel pric-
es and carbon taxation has been a central concern for
shipping companies “”, By showing that ASCT prin-
ciples can mitigate this volatility in Arctic routes, the
study demonstrates that capability-driven optimization

can be a critical buffer against regulatory uncertainty.
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Equally important is the study’s contribution to
understanding resilience in the face of climate uncer-
tainty. Arctic navigation is inherently exposed to sudden
shifts in ice coverage and storm events **. The finding
that optimized, ASCT-based routes maintained higher
feasibility and robustness under severe ice conditions
provides empirical support for the argument that resil-
ience and agility should be treated as complementary
rather than separate constructs **. This extends Pettit

et al. ’s !

view of resilience as an emergent property
of capability portfolios, showing that such portfolios
can be mathematically encoded in optimization models
(MO), decarbonization targets, and market-driven ser-
vice reliability demands.

The significance of these findings lies in their im-
plications for maritime supply chain management as a
field. By extending ASCT into Arctic logistics, the study
illustrates that supply chain agility is not limited to
terrestrial or containerized contexts **), but is equally
relevant in extreme, high-risk environments. This theo-
retical extension bridges supply chain capability frame-
works with maritime operational research, creating a
new cross-domain linkage. For industry practitioners,
the results suggest that embedding agility and resil-
ience into planning systems can yield measurable ben-
efits in cost stability, environmental compliance, and
service reliability. For policymakers, the results imply
that regulatory measures such as carbon pricing can
be complemented by capability development, fostering
compliance without compromising competitiveness.

Furthermore, the framework resonates with Pettit

et al’s 1

conceptualization of resilience as a network
property emergent from capability portfolios. In their
terms, Arctic marine logistics actors who combine flexi-
bility (alternative routing and ports), redundancy (buf-
fer capacity), and recovery (rapid service restoration)
under an agile orientation are more likely to maintain
operational stability in the face of climate-policy dual
shocks. This complements climate-adaptation research
iy emphasizing that infrastructural investments alone
are insufficient without adaptive operational frame-
works.

From a methodological perspective, the synthe-

sis of mixed-integer linear programming with scenario

analysis mirrors the approaches used in prior non-Arc-
tic logistics optimization studies '*** to integrate sus-
tainability metrics into tactical decision-making. The
novelty here lies in the embedding of ASCT constructs
directly into the optimization’s decision structure, thus
operationalizing theoretical principles within computa-
tional modelling, an integration not widely explored in
earlier Arctic shipping research.

The discussion situates the study’s contributions
at the intersection of maritime logistics, supply chain
agility theory, and climate adaptation. It reinforces past
scholarly consensus on the value of agility and resil-
ience in managing uncertainty, while extending these
concepts to a highly specialized and geopolitically sen-
sitive operational domain. In doing so, it responds to
calls from both maritime transport researchers and
supply chain theorists for cross-domain application
of adaptive operational frameworks in sectors facing

acute environmental and regulatory volatility.

5.1.Managerial Implications

For Arctic shipping operators, the integration of
Agile Supply Chain Theory (ASCT) into route optimi-
zation offers a structured pathway to handle the dual
challenge of operational uncertainty and sustainabil-
ity targets. Prior work in supply chain agility *”**! has
shown that speed, flexibility, and responsiveness can
dampen volatility in turbulent environments. Trans-
lating these principles into Arctic marine logistics sug-
gests that operators can systematically enhance sched-
ule reliability, cost predictability, and environmental
compliance by embedding agility-driven decision rules
into voyage planning systems. This approach also re-
duces dependency on single-path strategies, enabling
the deployment of dynamic port-switching, micro-win-
dow exploitation, and real-time re-routing in response
to ice and storm hazards. The managerial takeaway is
that agility is not merely a strategic posture but an op-
erationalizable set of practices that can be codified in

routing algorithms and control room protocols.

5.2.Policy Implications

For policymakers and regulatory bodies such as
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the International Maritime Organization (IMO) and
Arctic Council member states, the findings underscore
the complementarity between environmental regu-
lation and operational resilience. Prior Arctic policy
studies **! have noted that carbon pricing and strict-
er emission caps may create operational pressures for
shipping companies. However, embedding ASCT princi-
ples within routing strategies can convert compliance
requirements into competitive advantages by lowering
emissions without eroding service levels. This suggests
that market-based mechanisms like carbon taxes can be
paired with performance-based incentives (e.g., bonus-
es for CII improvements or reliability benchmarks) to
accelerate adoption of agile-resilient practices. More-
over, by fostering information-sharing infrastructures
(e.g., satellite ice data exchanges, common maritime
dashboards), policymakers can strengthen the “virtual
integration” pillar of ASCT across the Arctic shipping
ecosystem, thereby improving network-level robust-

ness against climate and geopolitical disruptions.

5.3.Theoretical Implications

From a scholarly perspective, this work extends
the empirical scope of Agile Supply Chain Theory into
polar maritime environments, an application domain
characterized by extreme environmental volatility and
infrastructural sparsity. While existing ASCT research
3 has primarily focused on manufacturing and general
freight contexts, the present integration demonstrates
that agility constructs can be embedded into mathe-
matical optimization models and scenario-based simu-
lations for high-risk transport sectors. This bridges the
gap between capability-oriented supply chain frame-
works and quantitative operational research methods,
illustrating how theoretical constructs such as “market
sensitivity” and “virtual integration” can be operation-
alized as measurable decision variables. In doing so, the
study responds to calls for cross-domain application of
supply chain agility and resilience theories *°, provid-
ing a template for their adaptation to other climate-sen-
sitive logistics domains such as inland waterways, high-

altitude supply chains, or humanitarian relief corridors.

6. Conclusion

This study set out to examine sustainable ma-
rine logistics in Arctic routes through the lens of Agile
Supply Chain Theory (ASCT), operationalized within a
route optimization and scenario-analysis framework.
In doing so, it addressed a gap in both maritime and
supply chain literature: while prior Arctic shipping
research has explored navigational safety, seasonal
access, and cost modelling, it has rarely embedded a
theoretically grounded capability framework into op-
erational decision-making models. By applying ASCT
principles of customer responsiveness, speed and flexi-
bility, market sensitivity, and virtual integration within
an optimization-resilience structure, the study demon-
strates the viability of translating supply chain agility
constructs into concrete, measurable Arctic shipping
strategies.

The findings add conceptual weight to the argu-
ment that agility and resilience are not parallel capabil-
ities but mutually reinforcing, particularly in high-risk
environments where environmental volatility and reg-
ulatory shifts interact. The approach outlined here pro-
vides a replicable template for integrating theoretical
constructs into computational models, enabling both
scholarly testing and practical application in operation-
al planning. Beyond the Arctic, the framework offers
relevance for other transport sectors facing climate-
induced disruptions, from inland waterway logistics to
disaster-response supply chains.

From a practical standpoint, the research high-
lights how adopting agile-resilient routing can support
both sustainability mandates and service reliability im-
peratives, aligning with the International Maritime Or-
ganization’s decarbonization agenda while maintaining
commercial competitiveness. From a theoretical per-
spective, it extends the empirical domain of ASCT, illus-
trating that its principles remain valid even in domains
characterized by sparse infrastructure, high environ-
mental uncertainty, and geopolitical complexity.

By explicitly linking ASCT to Arctic route optimi-
zation, this research demonstrates that maritime sup-
ply chains can adopt dynamic capability frameworks to
achieve simultaneous gains in efficiency, reliability, and
sustainability. The study’s contribution extends beyond
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Arctic shipping, offering a theoretical and method-
ological advancement for maritime supply chain man-
agement by showing how resilience and agility can be
mathematically operationalized to mitigate uncertainty
in global shipping networks.

The study underscores that the sustainable fu-
ture of Arctic marine logistics will depend not only on
technological advances in ship design or ice prediction,
but also on the strategic embedding of adaptive opera-
tional frameworks into everyday decision processes. By
bridging the gap between theory and operational reali-
ty, the research offers both academics and practitioners
a foundation for navigating the challenges and opportu-
nities that Arctic shipping will increasingly present in a
warming, politically dynamic world.
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