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Abstract

This study develops an integrated vessel-level framework for assessing logistics perfor-
mance and operational energy efficiency in container shipping. The novelty of the study
lies in the development of a unified analytical approach that explicitly integrates logistics
indicators with fuel consumption and emissions within a consistent system boundary, in-
cluding auxiliary engine operation during both sea passages and port stays. The framework
is applied to four medium-sized container vessels (6000–7500 TEU; 20-foot equivalent unit)
under normalised operating conditions. The results show that higher capacity utilisation
and economies of scale significantly improve both cost and energy performance, while
emissions intensity varies by more than twofold across vessels. A deterministic sensitivity
analysis is applied to evaluate the influence of key operational parameters. The analysis
identifies service speed as the dominant driver, followed by vessel loading rate, while port-
related parameters—such as auxiliary engine load and port productivity—have a lower yet
still measurable influence, reducing emissions by up to 5% under improved conditions. The
main contribution of the study is the development of a practical vessel-level benchmarking
tool that captures logistics–energy interactions and supports operational decision-making
under current regulatory frameworks, including EU ETS, FuelEU Maritime, and the IMO
Carbon Intensity Indicator (CII).

Keywords: sustainable maritime logistics; container shipping; logistics performance;
energy efficiency; maritime decarbonisation; sensitivity analysis

1. Introduction
Maritime transport accounts for over 80% of global trade by volume and forms the

backbone of international supply chains. The growth of containerised trade, combined
with increasing vessel size and operational complexity, has intensified competition among
shipping companies. In this context, operational efficiency and logistics performance have
become key determinants of cost competitiveness and service reliability within container
shipping networks [1,2].

Over recent decades, container shipping has undergone a significant structural trans-
formation, characterised by vessel upscaling, network consolidation, and closer integration
with logistics systems. Although larger vessels offer economies of scale, they also increase
dependence on port performance, which leads to longer port stays and higher sensitivity
to terminal productivity [3,4]. At the same time, growing regulatory pressure—particularly
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through IMO decarbonisation frameworks—has shifted attention towards vessel-level
energy efficiency and emissions performance, commonly assessed using operational in-
dicators such as fuel consumption per transported unit and the EEOI [5,6]. Despite these
developments, existing research has largely focused on ultra-large container vessels or
aggregated fleet-level analyses [7,8], leaving medium-size vessels comparatively underex-
plored in detailed vessel-level performance assessments.

Quantitatively, vessels in the 6000–7500 TEU range represent a substantial share of
the global container fleet capacity, accounting for approximately 28% according to [9].
However, consistent with the literature discussed above [7,8], this vessel segment remains
comparatively underrepresented in detailed vessel-level performance studies. This is par-
ticularly relevant given the operational flexibility of medium-sized container vessels, which
are frequently deployed on routes serving ports with draft restrictions below 14 m, where
ultra-large container ships cannot operate. As a result, their operational efficiency and
environmental performance remain critical for maintaining flexible and resilient container
shipping networks [2].

Against this background, this study develops an integrated vessel-level framework
for jointly assessing logistics performance and energy efficiency in container shipping. The
proposed approach accounts for fuel consumption associated with both main and auxiliary
engine operation during sea passages and port stays, enabling a comprehensive evaluation
of vessel performance under realistic operating conditions. By combining operational,
economic, time-related, and environmental indicators, the framework provides a structured
basis for analysing logistics–energy interactions in container shipping operations.

The specific objectives of this research are to:

1. Assess logistics performance using key operational, cost, time, and reliability indicators.
2. Evaluate energy efficiency through fuel consumption per transported unit (TEU) and

the Energy Efficiency Operational Indicator (EEOI).
3. Compare performance across vessels of similar capacity but different operational and

technological characteristics.
4. Identify operational trade-offs relevant to maritime logistics management.
5. Identify the dominant operational drivers of logistics–energy interactions through

structured sensitivity analysis.

In pursuit of these objectives, this study advances the following testable research
hypothesis: port stay duration and auxiliary engine operation constitute dominant op-
erational drivers of vessel-level emissions intensity (EEOI), with an impact comparable
to that of vessel speed optimisation under otherwise similar operating conditions. This
hypothesis is examined through a comparative vessel-level assessment and structured
sensitivity analysis focusing on the relative influence of port-related parameters, vessel
speed, and loading rate on normalised energy efficiency indicators.

The research contributes to the literature on sustainable maritime logistics in three
main ways:

First, it develops an integrated vessel-level benchmarking framework that combines
logistics performance indicators with IMO-based energy efficiency metrics within a unified
system boundary, explicitly including auxiliary engine fuel consumption during both sea
passages and port stays.

Second, it provides an empirical application focused on the medium-sized container
ship segment (6000–7500 TEU), using real operational data from commercial voyages, ad-
dressing a segment that remains underrepresented compared to ultra-large container ships.

Third, through structured sensitivity analysis, it identifies dominant operational
drivers and supports integrated ship–port decision-making.
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The remainder of this article is structured as follows. Section 2 reviews the relevant
literature on maritime logistics performance and energy efficiency in container shipping.
Section 3 describes the research methodology and performance indicators employed. Sec-
tion 4 presents the case study and operational context of the analysed vessels. Section 5
reports the empirical results, followed by a discussion of the findings in Section 6. Finally,
Section 7 concludes the paper by summarising key contributions, managerial implications,
and directions for future research.

2. Literature Review
Maritime logistics operates as an integrated system in which vessel operations, port

performance, and logistics networks jointly determine the efficiency and reliability of con-
tainer transport services [1,10,11]. Recent studies adopt a systems perspective, emphasising
the interdependence between ship operations, port productivity, and logistics performance.
As argued by Lopes (2025) [3], maritime logistics assessment requires multidimensional
approaches capable of capturing operational efficiency, economic outcomes, and service
reliability, as isolated indicators are insufficient to reflect trade-offs between cost, reliability,
and environmental performance. From a broader logistics perspective, container shipping
should therefore be evaluated within an integrated system linking shipping lines, ports,
and hinterland transport networks [1].

Studies focusing on the port–ship interface further underline this operational in-
terdependence. Empirical analyses show that berth productivity, crane allocation, yard
organisation, and container-handling processes directly influence vessel port stay time,
fleet utilisation, and overall logistics cycle duration [4,12,13]. As vessel sizes increase and
operational margins tighten, systematic vessel-level benchmarking becomes an important
analytical tool for both shipping companies and port authorities.

In parallel, a growing body of research links vessel operational characteristics with
logistics and environmental performance. Studies on service speed management, fleet de-
ployment strategies, and operational optimisation demonstrate that vessel-level decisions
represent a key leverage point for improving both logistics efficiency and environmen-
tal sustainability [7,14]. Operational measures such as slow steaming, fleet scheduling,
and port coordination can significantly influence both logistics outcomes and emission
levels [15].

These developments indicate that vessel-level performance cannot be assessed through
isolated indicators. Instead, an integrated analytical perspective that jointly considers logis-
tics efficiency, operational costs, and environmental performance is increasingly required.

2.1. Logistics Performance Indicators in Container Shipping

The use of Key Performance Indicators (KPIs) has become a standard methodological
approach for assessing logistics performance in container shipping. KPIs enable shipping
companies and port operators to quantify efficiency, monitor service quality, identify
operational bottlenecks, and support tactical and strategic decision-making. According
to [3], effective maritime logistics performance measurement should encompass four main
dimensions: capacity utilisation, cost efficiency, time performance, and service reliability.

The vessel capacity utilisation rate (VCUR) is widely recognised as a core indicator of
commercial and operational performance. High utilisation improves cost efficiency and
energy intensity per transported unit, but also increases exposure to congestion risks and
operational disruptions if not supported by adequate port performance [2]. Cost-based indi-
cators, particularly cost per TEU, remain central in container shipping analysis, consistently
revealing the presence of economies of scale and technological learning effects [6,7].
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Time-based indicators, such as vessel stationary time in port (port stay time) and
logistics cycle time (LCT), are equally critical. Empirical studies show that reductions in
port time significantly enhance fleet productivity and schedule reliability, often with a
greater impact than marginal increases in service speed [13].

Reliability-related KPIs, including on-time arrival rate, have gained renewed impor-
tance due to increasing supply chain visibility requirements and the systemic disruptions ob-
served in recent years. In this context, recent logistics research emphasises that performance
monitoring in container shipping increasingly relies on integrated KPI frameworks capable
of linking operational efficiency with service quality and environmental performance.

Despite the widespread use of logistics KPIs in container shipping analysis, relatively
limited attention has been given to their integration with vessel-level energy efficiency
metrics. Most KPI-based studies focus either on port-centric performance or on shipping
company operations, without explicitly linking logistics indicators with energy consump-
tion and emissions. This fragmentation constrains the ability to assess logistics and envi-
ronmental performance within a unified analytical structure, motivating the development
of more holistic vessel-level frameworks, whose mathematical formulations are presented
in Section 3.

2.2. Energy Efficiency and Environmental Performance of Container Ships

Energy efficiency has become a central theme in maritime research following the
introduction of international regulations aimed at limiting greenhouse gas emissions,
including the Energy Efficiency Design Index (EEDI), the Energy Efficiency Existing Ship
Index (EEXI), and operational indicators such as the Energy Efficiency Operational Indicator
(EEOI) [16–19]. These regulatory instruments have stimulated extensive research on vessel
energy performance, operational strategies, and decarbonisation pathways.

Recent research on decarbonisation pathways for maritime transport emphasises the
need for integrated approaches combining operational measures, alternative fuels, and
regulatory frameworks [20]. This is particularly relevant for emerging maritime regions and
short-sea shipping segments. Larger and newer vessels generally exhibit lower emissions
intensity per transported unit due to economies of scale, improved hydrodynamics, and
enhanced propulsion efficiency [7,21]. However, real-world energy performance remains
strongly influenced by operational parameters such as service speed, loading rate, and
port waiting time. In this context, operational strategies, including slow steaming, fleet de-
ployment optimisation, and digital voyage management, have been shown to significantly
reduce fuel consumption and greenhouse gas emissions [15].

The EEOI has gained particular relevance as an operational metric reflecting actual
voyage conditions. Empirical and modelling studies show that EEOI values are highly
sensitive to slow steaming strategies, deployment patterns, and port congestion, making
the EEOI a useful indicator for operational benchmarking and regulatory monitoring [19].
Nevertheless, EEOI-based analyses are still frequently conducted independently of lo-
gistics performance indicators, limiting their integration into broader maritime logistics
decision frameworks.

Recent studies highlight that auxiliary engines and port-related energy demand ac-
count for a non-negligible share of total fuel consumption and CO2 emissions, particularly
for container vessels with long port stays and high electrical loads. Hotelling and cargo-
handling phases can significantly influence vessel-level emissions profiles [2,8,22]. Recent
policy-oriented studies also emphasise the importance of including port-related energy
demand in decarbonisation strategies, particularly in the context of shore power implemen-
tation and port electrification initiatives.
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Overall, while the literature on container ship energy efficiency is extensive, explicit
vessel-level frameworks integrating propulsion energy, auxiliary demand, and logistics
performance indicators remain limited.

Despite its widespread use, the Energy Efficiency Operational Indicator (EEOI) presents
several methodological limitations that must be considered in vessel-level assessments.

First, the EEOI is sensitive to cargo loading conditions, as it normalises emissions
by transported cargo mass and distance. Variations in cargo load may therefore obscure
underlying operational efficiency improvements [18].

Second, the EEOI does not explicitly reflect design-based efficiency improvements
captured by the EEDI or EEXI, and the relationship between these indicators is not always
straightforward [5].

Third, the EEOI results depend on methodological assumptions, including system
boundaries, treatment of auxiliary engine consumption, and fuel type differentiation, which
may affect cross-vessel comparability [22].

Fourth, the EEOI does not fully align with annual indicators such as AER used in the
IMO Carbon Intensity Indicator (CII) framework [5].

Finally, its accuracy depends on the availability of detailed fuel consumption data,
particularly for auxiliary engines during port stays [17].

2.3. Research Gaps and Contribution of the Present Study

Despite the extensive body of literature on maritime logistics, container shipping
performance, and ship energy efficiency, an important research gap remains. Most existing
studies analyse logistics performance indicators (such as cost efficiency, port time and
capacity utilisation) and environmental performance metrics (such as fuel consumption
and emissions) as separate analytical domains. Consequently, limited empirical research
has examined how logistics performance and operational energy efficiency interact at the
vessel level under real commercial operating conditions.

To address this limitation, the present study contributes to the literature in three
main ways. First, it develops an integrated vessel-level framework that jointly evaluates
logistics performance indicators and operational energy efficiency metrics. Second, the
framework incorporates auxiliary engine fuel consumption during both sea passages
and port stays within a consistent system boundary. Third, the framework is applied
to a comparative case study of medium-sized container vessels operating under real
commercial conditions, complemented by a structured sensitivity analysis examining the
influence of vessel speed, port productivity and loading rate on logistics and environmental
performance indicators [8].

By integrating logistics KPIs and IMO-based energy efficiency metrics within a
unified vessel-level framework, this study contributes to a more comprehensive under-
standing of logistics–energy interactions in container shipping and provides a transfer-
able methodological tool for vessel benchmarking and sustainability-oriented maritime
logistics decision-making.

Table 1 presents the positioning of the present study relative to representative contri-
butions in the existing literature.

Table 1 highlights not only the scope of representative empirical studies, but also their
limitations in relation to the integrated approach proposed in this paper.

Existing contributions tend to address vessel performance from a single analytical per-
spective. Energy-oriented studies (e.g., [14,23]) focus on fuel consumption and emissions,
but do not incorporate logistics performance indicators. Conversely, logistics-oriented
studies (e.g., [2]) analyse cost efficiency and capacity utilisation, without explicitly consid-
ering energy efficiency or emissions. Port-focused analyses (e.g., [24]) include auxiliary
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engine emissions, yet remain limited to port environments and do not extend to vessel-level
logistics–energy interactions.

Table 1. Comparative positioning of the present study within the literature.

Study Focus Indicators Vessel Level Energy
Performance

Auxiliary
Engines/Port

Energy

Logistics
Performance

[14] Speed optimisation Fuel consumption,
emissions Yes Yes No No

[23] Operational emissions EEOI, fuel
consumption Limited Yes No No

[24] Port emissions Fuel use, CO2
emissions Limited Yes Yes No

[2] Liner shipping
performance

Cost efficiency,
capacity utilisation Limited No No Yes

[6] IMO environmental
regulation

Fuel consumption,
EEOI Yes Yes No Limited

[15]
Shipping

decarbonisation
measures

Fuel consumption,
emissions No Yes No No

[25]
Maritime

decarbonisation
strategies

Fuel, CO2 intensity Partial Yes No Limited

This study
Integrated

logistics–energy
framework

Cost, time, EEOI,
logistics KPIs Yes Yes Yes Yes

Source: Authors’ compilation based on the literature review.

More recent decarbonisation studies (e.g., [15,25]) provide broader environmental as-
sessments, but are typically conducted at fleet or policy level and do not offer an integrated
empirical evaluation at vessel level under comparable operational conditions.

In this context, the present study extends the existing literature by integrating logis-
tics performance indicators, vessel-level energy efficiency metrics, and auxiliary engine
consumption—including port-related operations—within a unified analytical framework.
This integrated approach enables a consistent vessel-level benchmarking and provides
new empirical insight into the interaction between logistics efficiency and operational
energy performance.

3. Methodology
3.1. Research Design and Methodological Approach

This study adopts a quantitative comparative case study to evaluate vessel-level lo-
gistics and energy performance under standardised conditions. The framework enables
consistent comparison between vessels using a unified set of indicators within a defined
system boundary. Quantitative performance assessment enables objective and reproducible
comparison between vessels based on measurable operational, economic, and environmen-
tal indicators, and is therefore particularly suitable for benchmarking applications and
operational performance analysis [2,3].

The methodological workflow consists of four sequential stages:

1. Selection of representative container vessels;
2. Definition of logistics and energy efficiency indicators;
3. Data collection and normalisation;
4. Comparative performance assessment.

https://doi.org/10.3390/su18094279
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This structured research workflow is consistent with methodological approaches com-
monly applied in vessel benchmarking and maritime logistics performance evaluation [13].
The overall methodological process is illustrated in Figure 1.

Figure 1. Methodological framework for the integrated assessment of logistics and energy perfor-
mance at container vessel level.

The diagram illustrates four sequential stages: (1) vessel selection, (2) definition of
logistics and energy efficiency indicators, (3) data collection and normalisation, and (4) com-
parative performance assessment. Colour coding indicates as follows: data preparation pro-
cedures (grey), logistics-related variables (blue), energy-related variables (pink), integrated
framework stages (green), and analytical procedures including sensitivity analysis (purple).

The energy and emissions modelling focuses exclusively on shipboard operational
energy demand. All vessels analysed are assumed to operate using conventional marine
fuels compliant with current International Maritime Organization (IMO) regulations. Main
propulsion engines are assumed to operate on Heavy Fuel Oil (HFO) during sea passages,
while auxiliary engines operate on Marine Gas Oil (MGO) during both navigation and
port stays, reflecting common operational practice and emission inventory methodologies.
For emissions calculations, fuel-specific CO2 conversion factors recommended by the IMO
are applied.

The system boundary of the assessment is defined at vessel level and includes fuel
consumption associated with main engine propulsion and auxiliary engine operation
during both sea passages and port stays. Hinterland transport activities and terminal
yard operations are intentionally excluded in order to maintain analytical focus on vessel
operational performance and to avoid introducing exogenous logistics variability unrelated
to ship operation.

The analysed vessels operate at high-capacity utilisation levels (VCUR ≈ 0.89–0.93),
representative of economically efficient deployment in container shipping. Operational
data were normalised using standardised assumptions (see Section 3.3). This normalisation
isolates vessel-level performance differences from route and terminal variability.

3.2. Data Sources and Case Study Description

The empirical analysis is based on operational data collected from four medium-sized
container vessels operating under comparable commercial conditions. The vessels represent
a typical segment of the global container fleet used in regional and intercontinental liner
services. Although the dataset is limited in size due to commercial data availability con-
straints, the selected vessels capture relevant variations in age, propulsion characteristics,
and operational deployment within the medium-size container ship segment.
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The dataset includes operational and performance parameters obtained from vessel op-
erational records and voyage reports. The collected data comprise the following variables:

• Main engine fuel consumption during sea passages.
• Auxiliary engine fuel consumption during both navigation and port stays.
• Vessel cargo capacity and actual transported container units.
• Voyage distance and voyage duration.
• Port stay duration and cargo-handling periods.

These variables enable the calculation of both logistics performance indicators and
vessel-level operational energy efficiency metrics.

To ensure meaningful comparison between vessels, operational data were normalised
using consistent assumptions (see Section 3.3). This standardisation allows the analysis
to isolate vessel-related performance differences while minimising the influence of route-
specific operational variability.

Prior to analysis, the dataset was subjected to a structured data screening and quality
control procedure to ensure internal consistency and reproducibility. Voyage records
were filtered based on three operational criteria: (i) completeness of key variables (fuel
consumption, voyage duration, cargo load, and port stay time); (ii) logical consistency
between related variables (e.g., consistency between voyage distance, service speed, and
reported duration); and (iii) plausibility checks against typical operational ranges reported
in the literature for medium-size container vessels.

Records with missing or inconsistent values in any of the core variables were excluded
from the analysis. Approximately 10–15% of the initial voyage records were removed
during this screening process. The final dataset thus consists exclusively of internally
consistent and operationally realistic observations, ensuring robustness and reproducibility
of the subsequent analysis.

3.3. Voyage Modelling and Sea Transport Time

For comparability, a standardised voyage distance is considered. The sea transport
time is calculated as:

tsea =
D
V

(1)

where:

• tsea [h] is the sea passage time
• D [Nm] represents the voyage distance (nautical miles)
• V [kn] is the average service speed of the vessel (knots)

A reference voyage distance of 1000 nautical miles is used in the analysis. This normal-
isation allows fuel consumption and emissions intensity to be compared across vessels inde-
pendently of route-specific characteristics such as port rotation or geographical deployment.
Such normalisation practices are commonly applied in vessel benchmarking studies to iso-
late vessel-related performance differences from route-dependent operational variability.

3.4. Fuel Consumption Modelling
3.4.1. Main Engine Fuel Consumption

Fuel consumption during sea passage is calculated using main engine operational
parameters:

FCME =
PME · LFME · SFOCME · tsea

106 (2)

where:

• FCME [t] is the total fuel consumption of the main engine during the sea passage;
• PME [kW] is the main engine (ME) power;
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• LFME [-] is the main engine load factor;
• SFOCME [g/kWh] is the specific fuel consumption.

3.4.2. Auxiliary Engine Fuel Consumption

Auxiliary engine fuel consumption is calculated separately for sea passage and port
stay conditions.

Auxiliary engine consumption during sea passage:

FCAE,sea =
nAE,sea · PAE · LFAE,sea · SFOCAE · tsea

106 (3)

Auxiliary engine consumption during port stay:

FCAE,port =
nAE,port · PAE · LFAE,port · SFOCAE · tport

106 (4)

where:

• FCAE,sea [t] is the auxiliary engine fuel consumption during sea passage;
• FCAE,port [t] is the auxiliary engine fuel consumption during port stay;
• nAE [−] is the number of auxiliary engines operating in parallel;
• PAE [kW] is the rated power of one auxiliary engine (diesel generator);
• SFOCAE [g/kWh] is the auxiliary engine (AE) specific fuel consumption;
• LFAE,sea [−] is the auxiliary engine load factor during sea passages;
• LFAE,port [−] is the auxiliary engine load factor during port stay;
• tsea [h] is the sea passage time;
• tport [h] is the port stay time.

Two auxiliary engine sets are assumed to operate in parallel during both sea passage
and port stay, consistent with typical container ship operational practice.

Auxiliary engine fuel consumption was estimated using representative load factors for
sea passage and port stay conditions. Based on commonly applied ship emission inventory
methodologies and empirical studies on container ship electrical demand, auxiliary engine
load factors were set to 0.30 during sea passage and 0.40 during port stay operations [26].

These values fall within the typical ranges reported in port emission inventories and
container ship operational studies. A sensitivity analysis was subsequently conducted to as-
sess the influence of auxiliary engine loading assumptions on the resulting energy efficiency
indicators. Detailed justification of load factor selection is provided in Appendix C.

3.5. Logistics Performance Indicators
3.5.1. Vessel Capacity Utilisation Rate (VCUR)

This indicator measures the efficiency of vessel capacity exploitation and represents a
core metric in container shipping logistics (Figure 2).

VCUR =
TEUtransported

TEUcapacity
(5)

where:

• VCUR [−] is the vessel capacity utilisation rate;
• TEUtransported [−] is the number of containers transported;
• TEUcapacity [−] is the total vessel container capacity.

https://doi.org/10.3390/su18094279
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Figure 2. Bar chart of vessel capacity utilisation rate (VCUR) for each vessel.

3.5.2. Cost per TEU

Due to data confidentiality, non-fuel operating expenses (OPEX) are estimated using
industry benchmarks. To account for age-related differences, baseline OPEX values were
adjusted using factors derived from maritime economics literature. The complete method-
ology, including adjustment factors and references to [12,27,28], is detailed in Appendix B.

Sensitivity analysis (Section 5.8) confirms that even a ±20% variation in OPEX assump-
tions would not alter the main conclusions regarding vessel efficiency rankings, as fuel
costs constitute the dominant share (50–65%) of total operating expenditures (see Figure 3).

CostTEU =
Ctotal

TEUtransported
(6)

where:

• CostTEU [USD] is the transport cost per TEU;
• Ctotal [USD] is the total voyage cost.

Figure 3. Cost structure per transported TEU for the analysed vessels (Dec 2023–Mar 2024).
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3.5.3. Vessel Stationary Time in Port (VST)

VST =
Ncontainers

Qc · Pc
· (1 + δ) (7)

where:

• VST [h] is the vessel stationary time in port;
• Ncontainers [−] is the number of containers handled per port call;
• Qc [TEU/h] is the crane productivity;
• Pc [containers/h] is the crane handling rate;
• δ [−] is the operational delay factor.

The operational margin δ (0.10–0.30) accounts for non-productive time during port
calls. A baseline value of δ = 0.20 is adopted in this study, representing typical conditions in
semi-automated terminals. Detailed justification of this range, including references to [4,16],
is provided in Appendix A.

Crane productivity expressed in moves per crane-hour represents a standard oper-
ational performance metric in container terminal analysis. International studies consis-
tently report average crane productivity values for conventional terminals in the range
of 20–30 moves per crane-hour, with a representative gross productivity of approximately
25 moves per crane-hour for non-automated and semi-automated terminals [28]. This
formulation establishes a direct and transparent relationship between port productivity
and vessel stationary time in port, which is a key determinant of logistics cycle time and
auxiliary engine operating hours.

When vessel capacity is expressed in TEU, the number of handled containers is derived
using an average conversion factor k, according to:

Ncont = NTEU/k

where:

• Ncont [−] is the number of handled containers;
• NTEU [−] is the number of containers expressed in TEU;
• k [TEU/container] is the TEU-to-container conversion factor.

A value of k = 1.6 is adopted, corresponding to a representative container mix of
approximately 60% 40-foot containers (2 TEU) and 40% 20-foot containers (1 TEU). This
conversion factor is widely applied in port throughput analysis and logistics performance
assessments, reflecting typical container size distributions observed in commercial liner
shipping operations [4,29].

3.5.4. Logistics Cycle Time (LCT)

LCT = tsea + VST (8)

where:

• LCT [h] is the logistics cycle time;
• tsea [h] is the sea passage time (as defined in Section 3.4.1);
• VST [h] is the vessel stationary time in port (as defined in Section 3.5.3).

3.5.5. Schedule Reliability Indicators

On-time arrival rate (OTAR):

OTAR =
Non-time
Ntotal

(9)
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where:

• OTAR [−] is the on-time arrival rate;
• Non-time [−] is the number of on-time voyages;
• Ntotal [−] is the total number of voyages.

Additionally, fleet utilisation is evaluated through the fleet utilisation rate (FUR):

FUR =
Toperational

Tavailable
× 100 (10)

where:

• FUR [%] is the fleet utilisation rate;
• Toperational [h] represents the vessel’s total operational time;
• Tavailable [h] is the total available operating time.

These indicators quantify service quality and asset utilisation.

3.6. Energy Efficiency and Emissions Assessment
3.6.1. CO2 Emissions Calculation

CO2 emissions are calculated based on fuel-specific carbon emission factors, according to:

mCO2 = FCME · CFME + FCAE,sea · CFAE + FCAE,port · CFAE (11)

where:

• mCO2 [tCO2] is total mass of CO2 emissions;
• CFME and CFAE are the IMO-recommended carbon conversion factors for the fuels

used by the main and auxiliary engines, respectively.

For conventional marine fuels, the conversion factors used are:

• HFO: CF = 3.114t CO2/t fuel;
• MDO/MGO: CF = 3.206 t CO2/t fuel.

The analysis adopts a tank-to-wake CO2 approach consistent with IMO operational
indicators and current regulatory frameworks; CO2e metrics and well-to-wake boundaries
are beyond the scope of the present study and are identified as directions for future research.

3.6.2. CO2 Energy Efficiency Operational Indicator (EEOI)

EEOI = ∑(FCi · CFi)

mcargo · D
(12)

where:

• EEOI [tCO2/(t·nm)] is the Energy Efficiency Operational Indicator;
• FCi [t] is the fuel consumption of component i (as defined in Section 3.4);
• CFi [−] is the fuel-specific carbon conversion factor;
• mcargo [t] is the transported cargo mass;
• D [nm] is the voyage distance (as defined in Section 3.3).

3.6.3. Derived Normalised Indicators

Based on operational data, additional normalised indicators are computed:

(A) Fuel consumption per TEU

FCTEU =
FCtotal

TEUloaded
(13)
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where:

• FC_TEU [kg/TEU] is the fuel consumption per transported TEU;
• FCtotal [kg] is the total fuel consumption;
• TEUloaded [−] is the number of transported containers (in TEU);
• EEOI [tCO2/(t·nm)] is the Energy Efficiency Operational Indicator (as defined in

Section 3.6.2).

(B) CO2 emissions per TEU

CO2,TEU =
mCO2

TEUloaded
(14)

where:

• CO2TEU [kgCO2/TEU] is the CO2 emissions per transported TEU;
• mCO2 [kgCO2] is the total CO2 emissions;
• TEUloaded [−] is the number of transported containers (in TEU).

(C) Energy productivity

EP =
TEU · D
FCtotal

(15)

where:

• EP [TEU·nm/t] is the energy productivity indicator;
• TEU [−] is the number of transported containers;
• D [nm] is the voyage distance;
• FCtotal [t] is the total fuel consumption.

Auxiliary engine fuel consumption during both sea passages and port stays is explicitly
included within the system boundary.

3.7. Methodological Applicability

The methodological framework is suitable for comparative analysis of vessels operat-
ing under similar conditions and can be extended to other ship types, operational profiles,
or alternative fuel scenarios. All performance indicators can be recalculated using standard
operational data available in typical vessel monitoring and reporting systems.

3.8. Model Validation and Data Consistency

To ensure the reliability and robustness of the calculated performance indicators, a
structured validation procedure was incorporated into the methodological design. Given
the nature of this study as a deterministic comparative vessel-level assessment based on
operational data, validation was performed through three complementary steps.

First, the dataset was subjected to internal consistency checks. Data screening and
quality control procedures are described in Section 3.2.

Second, normalisation procedures were verified to ensure comparability across ves-
sels. Standardised assumptions regarding voyage distance, loading conditions, and
port productivity were applied consistently across all vessels, allowing performance dif-
ferences to be attributed to vessel-level characteristics rather than to route-specific or
terminal-specific variability.

Third, the calculated performance indicators are benchmarked against empirical
ranges reported in the literature for the medium-sized container vessel segment. Fuel con-
sumption per TEU, the EEOI, the VCUR, and cost per TEU are compared against reference
values documented in previous empirical and modelling studies [6,7,17]; adherence to
these ranges is verified in the results (Section 5) and summarised in Section 6.7.
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This multi-step validation approach ensures that the computed indicators provide a
reliable and internally consistent basis for the subsequent sensitivity analysis (Section 5.8).

In addition, the sensitivity analysis is conducted within predefined operational varia-
tion ranges to ensure realism and consistency with typical vessel operations. The selected
variation intervals (e.g., ±10% for service speed and loading rate, and ±20% for port-
related parameters such as auxiliary engine load and port productivity) reflect plausible
deviations observed in practice and are consistent with ranges commonly adopted in
maritime energy efficiency and fuel consumption studies [30,31]. These bounded varia-
tions allow the model to capture realistic operational responses while avoiding extreme or
non-representative conditions.

The limitations associated with the deterministic modelling approach and the selected
parameter ranges are further discussed in Section 7.3.

3.9. Sensitivity Analysis Design

To assess the robustness of the proposed framework and to evaluate the influence of
key operational uncertainties, a sensitivity analysis was incorporated into the methodology.
Service speed (±10%), port productivity (±20%), and vessel loading rate (±10%) were
varied individually following a ceteris paribus approach.

The sensitivity analysis was implemented by explicitly varying the selected operational
parameters around their baseline values, according to:

v′ = v · (1 ± 0.10),

P′
port = Pport · (1 ± 0.20),

TEU′ = TEU · (1 ± 0.10).

where:

• v [kn] is the baseline service speed;
• v′ [kn] is the adjusted vessel service speed;
• Pport [TEU/h] is the baseline port productivity;
• P′

port [TEU/h] is the adjusted port productivity;

• TEU [−] is the baseline transported container volume;
• TEU′ [−] is the adjusted transported container volume.

Each parameter was varied individually while all others were kept constant (ceteris
paribus), and all dependent logistics and energy indicators were recalculated accordingly.

The resulting effects on logistics performance indicators and energy efficiency metrics
are subsequently evaluated.

To quantify the relative importance of each input parameter on key output indica-
tors, normalised sensitivity index (SI) was computed for each parameter–output pair,
according to:

SI =

(
∆EEOI

EEOIbaseline

)
(

∆parameter
parameterbaseline

)
where:

• SI [–] is the normalised sensitivity index (dimensionless);
• ∆EEOI [–] represents the change in the Energy Efficiency Operational Indicator relative

to the baseline value;
• EEOIbaseline [tCO2/(t·nm)] is the baseline value of the Energy Efficiency Operational

Indicator;
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• ∆parameter [–] represents the variation of the input parameter relative to its
baseline value;

• parameterbaseline is the baseline value of the analysed input parameter (e.g., service
speed [kn], port productivity [TEU/h], or transported volume [TEU]).

This formulation enables direct comparison of parameter influence across different
ranges and units, providing a consistent basis for variable importance ranking. Sensitivity
analysis is widely used to evaluate how variations in model inputs influence output
variability and to identify dominant parameters affecting system performance [32].

Although probabilistic approaches such as Monte Carlo simulation would provide a
more complete characterisation of output uncertainty—particularly by capturing parameter
interactions and non-linear propagation effects—they require the definition of probability
distributions for each input variable and sufficient datasets for statistical calibration [33].
In the present study, the dataset of four vessels does not provide a sufficient statistical basis
for deriving such distributions from observed operational data.

Accordingly, the deterministic one-factor-at-a-time (OAT) approach, complemented by
normalised sensitivity indices and a combined parameter scenario (Section 5.8.4), is adopted
as a methodologically appropriate choice for the present study. The application of Monte
Carlo-based uncertainty propagation to larger operational datasets represents a natural
extension of the proposed framework and is identified as a direction for future research.

4. Case Study Description
4.1. Selection of the Reference Vessels

The case study focuses on four medium-sized container vessels selected to ensure
internal comparability while capturing relevant variations in technological generation,
propulsion characteristics, and operational profile within the target capacity segment. The
vessels belong to the 6000–7500 TEU range, which remains highly relevant in global con-
tainer shipping, particularly on routes constrained by port infrastructure, canal dimensions,
or regional trade patterns [2].

Medium-sized container vessels in this segment combine relatively high transport ca-
pacity with operational flexibility. They typically have lengths of approximately 280–300 m,
beam widths of 40–45 m, and design drafts of around 13–15 m, allowing access to a wide
range of ports with moderate infrastructure constraints. From an operational perspective,
they are commonly deployed on regional and intercontinental liner services, where they
balance economies of scale with route flexibility and port accessibility. As highlighted in
global maritime transport analyses, this vessel category continues to play a key role in
maintaining connectivity across ports that cannot accommodate ultra-large container ships,
thereby supporting resilient and adaptable container shipping networks [10].

The selection of these vessels was based on three criteria. First, data availability:
the vessels were drawn from an anonymised dataset provided by a commercial operator,
including complete and consistent records of fuel consumption, cargo load, port stay, and
voyage duration for the reference period (December 2023–March 2024). Second, technologi-
cal heterogeneity: the sample includes three vessels built between 2000 and 2002 (pre-EEDI)
and one vessel built in 2012, allowing the assessment of differences between distinct design
and regulatory generations. Third, propulsion system diversity: the vessels are equipped
with engines from different manufacturers (B&W, Sulzer, MAN-B&W), representative of
slow-speed diesel technologies used in this segment.

From a representativeness perspective, the selected vessels reflect the main structural
characteristics of the 6000–7500 TEU segment. Their principal dimensions (LOA, beam,
and draught) fall within the typical ranges reported in maritime fleet studies [34,35],
while their capacity distribution covers both lower and upper bounds of the segment [10].
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Although Vessel A (5762 TEU) is slightly below the nominal lower bound, its technical and
operational profile is consistent with medium-size container vessels and enables inclusion
of the pre-EEDI generation.

While the sample size does not allow statistical generalisation, it is appropriate for
vessel-level benchmarking, where controlled heterogeneity supports meaningful compara-
tive analysis without introducing excessive variability [3,13].

4.2. Description of the Reference Vessels

All ship-related data used in this study were anonymised and processed exclusively
for academic research purposes. The analysis does not disclose commercially sensitive
information, and no operational decisions or proprietary datasets can be identified from
the results presented.

Table 2 summarises the main construction characteristics of the analysed vessels, while
Table 3 presents their propulsion system characteristics.

Table 2. The reference main construction characteristics.

Vessel Year Built LOA (m) Beam (m) DWT (t) TEU (Nominal) Max Draft (m)

Vessel A 2000 277.4 40.0 67,580 5762 ~14.0
Vessel B 2002 299.9 40.0 81,171 6492 14.04
Vessel C 2001 300.0 40.0 79,465 6712 14.52
Vessel D 2012 299.9 45.9 106,043 7410 ~14.8

Table 3. The reference propulsion system characteristics.

Vessel Main Engine (Model) Main Engine Power SFOC
(g/kWh)

Vessel A B&W 12K90MC 54,900 kW 174
Vessel B Sulzer 12RTA96C 52,150 kW 173
Vessel C MAN-B&W 12K98MC-C 68,520 kW 172
Vessel D MAN-B&W 9S90ME(-C) 45,740 kW 172

Note: SFOCME values are reported at nominal load (≈75–85% MCR), as is standard practice in the literature. The values
listed represent typical industry ranges rather than single absolute figures.

The vessels were selected to represent different technological generations within the
container fleet, enabling the assessment of how design and regulatory evolution influence
operational and environmental performance. While Vessel D (2012) reflects a more recent
generation developed under stricter IMO energy efficiency requirements (e.g., EEDI),
the early-2000s vessels were not originally designed to meet such standards, requiring
additional operational measures to comply with current regulations (EEXI, CII).

From an operational perspective, the vessels are characterised by: (i) a conventional
hull form optimised for container transport; (ii) a fixed-pitch propeller configuration; and
(iii) a main propulsion system designed for relatively high service speeds. These charac-
teristics make the analysed vessels suitable reference cases for comparative assessments
against newer container ships equipped with improved propulsion efficiency and optimised
operational profiles, as highlighted in recent maritime transport studies [6].

4.3. Operational Profile and Voyage Characteristics

The operational data correspond to the reference period December 2023–March 2024.
During this period, the analysed vessels performed between 7 and 11 commercial voy-
ages each, as reported in Tables 4 and 5. For details on data collection, normalisation
assumptions, and system boundaries, see Sections 3.2 and 4.4.
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Table 4. Vessel capacity utilisation rate.

Vessel Transported TEU Number of Voyages VCUR [%]

Vessel A 56,433 11 89.1
Vessel B 48,514 8 93.4
Vessel C 41,899 7 89.2
Vessel D 53,917 8 90.9

Table 5. Estimated total operating costs.

Vessel Voyages Transported
TEU

Fuel Cost
(USD)

OPEX Non-Fuel
(USD)

Voyage
Expenses (USD)

Total Operating
Cost (USD)

Cost per TEU
(USD/TEU)

A 11 56,433 5,590,252 959,191 2,236,101 8,785,544 155.68
B 8 48,514 3,161,083 919,225 1,264,433 5,344,741 110.17
C 7 41,899 1,710,671 929,425 684,268 3,324,364 79.34
D 8 53,917 2,770,067 799,326 1,108,027 4,677,420 86.75

4.4. Logistics System Boundaries and Dynamic Interaction with the Energy Model

The logistics system considered in this study is defined at the vessel level and encom-
passes three operational phases: sea transport operations, port stay associated with loading
and unloading activities, and fuel consumption attributable to both main propulsion dur-
ing sea passages and auxiliary engine operation during both sea passages and port stays.
Auxiliary logistics activities, such as hinterland transport and terminal yard operations,
are not explicitly modelled, as the primary objective of the study is to assess vessel-related
logistics and energy performance. This system boundary definition is consistent with
previous vessel-centric logistics performance assessments [12].

Within this boundary, logistics and energy sub-systems are not independent; logistics
indicators serve as direct inputs to the energy consumption model, creating a dynamic
feed-forward structure that links operational decisions to energy and emissions outcomes.
Figure 1 illustrates this interaction; the present section makes the underlying variable
propagation explicit.

Specifically, the dynamic coupling between the logistics and energy domains operates
through three principal pathways:

Pathway 1—Port productivity → VST → auxiliary fuel consumption and the EEOI.
Terminal crane productivity (Qc, Pc) and the operational margin (δ) determine the vessel
stationary time in port (VST, Equation (7)). The VST directly controls the operating duration
of auxiliary engines during port stay, entering Equation (4) through tport. Consequently,
any change in port productivity propagates into auxiliary fuel consumption (FCAE,port),
total CO2 emissions (Equation (11)), and ultimately the EEOI (Equation (12)). This pathway
is quantified in the sensitivity analysis of Section 5.8.2.

Pathway 2—Service speed → tsea → main engine fuel consumption, LCT, and the
EEOI. Vessel service speed (V) determines sea transport time (tsea, Equation (1)), which
simultaneously enters the main engine fuel consumption model (Equation (2)) and the
logistics cycle time formulation (LCT = tsea + VST, Equation (8)). A reduction in service
speed therefore extends tsea, increases main engine operating hours, but—given the cubic
speed–power relationship—reduces fuel consumption per voyage in net terms. This non-
linear propagation is examined in Section 5.8.1.

Pathway 3—Loading rate (VCUR) → TEUtransported → normalised energy indica-
tors. The vessel capacity utilisation rate (VCUR, Equation (5)) determines the num-
ber of transported TEU, which enters the denominators of fuel consumption per TEU
(Equation (13)), CO2 per TEU (Equation (14)), energy productivity (Equation (15)), and
the EEOI (Equation (12)) as cargo mass. Variations in loading rate therefore affect all nor-
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malised sustainability indicators without altering absolute fuel consumption, as examined
in Section 5.8.3.

The adopted system boundaries thus enable a focused yet dynamic evaluation of
logistics–energy interactions, with logistics indicators acting as primary operational drivers
of vessel-level energy consumption and emissions.

5. Results and Analysis
The results section presents the empirical evaluation of the integrated vessel-level

framework introduced in Section 3.

5.1. Vessel Capacity Utilisation

VCUR values are presented in Table 4 and illustrated in Figure 2.
All vessels operate at high-capacity utilisation levels (89–93%), with Vessel C and

Vessel D showing similar values of 89.2% and 90.9%, respectively.

5.2. Cost Efficiency: Cost per TEU

Cost per transported container is reported in Table 5 and illustrated in Figure 3. Costs
are estimated using industry benchmarks for daily OPEX and representative bunker price
averages. Voyage expenses are approximated as a percentage of fuel costs due to the
absence of disaggregated port and canal data. The results are intended for indicative
benchmarking rather than accounting-grade reporting.

Figure 3 shows the estimated cost structure per transported TEU for the analysed
vessels, with non-fuel operating expenses adjusted for vessel age as detailed in Appendix B.
Vessel A records the highest unit cost (155.68 USD/TEU), while Vessel C exhibits the
lowest value (79.34 USD/TEU). Vessel B and Vessel D present intermediate costs of
110.17 USD/TEU and 86.75 USD/TEU, respectively. The stacked bars indicate that fuel
expenditures represent the dominant component of total operating costs (approximately
50–65%), followed by voyage-related expenses, confirming that even with age-adjusted
OPEX, the relative ranking of vessels remains unchanged.

5.3. Port Time and Logistics Cycle Time

Vessel stationary time in port values are presented in Table 6. The analysis assumes
three quay cranes per vessel, an average productivity of 25 container moves per hour
per crane, and 20 effective working hours per day, corresponding to an average handling
capacity of approximately 1500 containers per day.

Logistics cycle time values are presented in Table 7 and illustrated in Figure 4, reflecting
the combined effects of sea passage time and vessel stationary time in port.

Table 6. Vessel stationary time in port.

Vessel Stationary Time (Hours)

Vessel A 96.13
Vessel B 103.87
Vessel C 106.03
Vessel D 118.56

Table 7. Logistics cycle time.

Vessel Sea Transport Time
(Hours)

Logistics Cycle Time
(Hours)

Vessel A 71.43 167.56
Vessel B 58.82 162.69
Vessel C 43.48 149.51
Vessel D 52.63 171.19
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Figure 4. Logistics cycle time for analysed vessels.

5.4. Fuel Consumption per TEU

Fuel consumption results for the standardised voyage are presented in Table 8, reflect-
ing both main and auxiliary engine operation.

Table 8. Total fuel consumption per voyage.

Vessel
Specific Fuel
Consumption
ME (g/kWh)

Fuel ME (t)
Specific Fuel
Consumption
AE (g/kWh)

Fuel AE Sea (t) Fuel AE Port (t) Fuel AE
(t)

Vessel A 174 682.33 185 51.80 79.67 131.47
Vessel B 173 530.70 185 42.66 86.09 128.75
Vessel C 172 314.39 185 23.65 65.91 89.65
Vessel D 172 348.50 187 55.18 142.07 197.25

Fuel consumption per transported unit results are summarised in Table 9 and illus-
trated in Figure 5.

Table 9. Detailed Fuel Consumption per TEU for Each Vessel.

Vessel Loaded TEU Fuel ME Sea (t) Fuel AE (t) Total Fuel (t) Fuel Consumption per TEU (kg)

Vessel A 6008 682.33 131.47 813.80 135.45
Vessel B 6492 530.70 128.75 659.45 101.58
Vessel C 6627 314.39 89.65 404.04 60.95
Vessel D 7410 348.50 197.25 545.75 73.65

Fuel consumption per TEU varies significantly across vessels, reflecting differences
in design and operational efficiency. Vessel C demonstrates the lowest fuel consumption
intensity (60.95 kg/TEU), indicating the most energy-efficient operation, while Vessel A
records the highest value (135.45 kg/TEU). These differences highlight the significant
influence of vessel design characteristics, propulsion efficiency, and cargo utilisation on fuel
efficiency. Even within a relatively narrow vessel size range, operational and technological
factors produce substantial variations in energy performance.
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Figure 5. Bar chart of fuel consumption per TEU for each vessel.

5.5. Schedule Reliability and Fleet Utilisation

Schedule reliability (on-time arrival rate) for the analysed vessels is presented in
Table 10.

Table 10. On-time arrival rate.

Vessel Number of Voyages OTAR

Vessel A 11 0.909
Vessel B 8 0.875
Vessel C 7 0.857
Vessel D 8 0.875

Fleet utilisation rate values for the analysed vessels are summarised in Table 11.

Table 11. Fleet utilisation rate (%).

Vessel Fleet Utilisation Rate (%)

Vessel A 71.6
Vessel B 67.3
Vessel C 63.1
Vessel D 60.2

5.6. Energy Efficiency Operational Indicator (EEOI)

Energy Efficiency Operational Indicator (EEOI) values are presented in Table 12.

Table 12. EEOI values.

Vessel CO2 ME (tCO2) CO2 AE (tCO2) CO2 Total (tCO2) EEOI
(tCO2/(t·nm))

Vessel A 2124.78 421.50 2546.28 3.77 × 10−5

Vessel B 1652.60 412.75 2065.35 2.54 × 10−5

Vessel C 979.01 287.12 1266.13 1.59 × 10−5

Vessel D 1085.23 632.39 1717.62 1.62 × 10−5
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EEOI values are reported in tCO2/(t·nm), in accordance with the IMO formulation.
When expressed in commonly used units (gCO2/TEU·nm), the values fall within the
benchmark ranges reported in [6].

Figure 6 illustrates the comparative emissions intensity of the analysed vessels.

Figure 6. Bar chart of Energy Efficiency Operational Indicator (EEOI) for each vessel.

The results indicate noticeable differences in carbon emission intensity among the
analysed vessels. Vessel A exhibits the highest EEOI value (3.77 × 10−5 tCO2/(t·nm)), sug-
gesting lower transport efficiency, whereas Vessel C achieves the lowest emission intensity
(1.59 × 10−5 tCO2/(t·nm)), followed closely by Vessel D (1.62 × 10−5 tCO2/(t·nm)). Vessel
B shows intermediate performance (2.54 × 10−5 tCO2/(t·nm)). These findings emphasise
the strong relationship between fuel consumption, operational efficiency, and emission
intensity, underlining the importance of energy-efficient vessel operation in achieving
maritime decarbonisation objectives.

5.7. Integrated Analysis of Logistics and Energy Performance Indicators

While Sections 5.1–5.6 present individual performance indicators, their combined
interpretation provides additional insight into the intrinsic relationships between logistics
efficiency and energy performance at the vessel level.

The results indicate a strong interdependence between vessel capacity utilisation
(VCUR), cost efficiency, fuel consumption, and emissions intensity (EEOI). For example,
Vessel B achieves the highest utilisation rate (93.4%) and a relatively moderate cost per
TEU (110.17 USD/TEU), compared to Vessel A, which operates at a lower utilisation level
(89.1%) and records the highest cost (155.68 USD/TEU). This confirms that higher capacity
utilisation contributes to reducing unit transport costs.

A similar pattern is observed when comparing cost and energy performance. Despite
operating within a similar size range, Vessel C combines a high utilisation rate (89.2%)
with the lowest cost per TEU (79.34 USD/TEU) and the lowest fuel consumption intensity
(60.95 kg/TEU). In contrast, Vessel A records both the highest fuel consumption per
TEU (135.45 kg/TEU) and the highest EEOI value (3.77 × 10−5 tCO2/(t·nm)), indicating
significantly lower operational efficiency.

The relationship between fuel consumption and emissions is also clearly reflected in
the results. Vessel C, with the lowest fuel consumption per TEU, achieves the lowest EEOI
value (1.59 × 10−5 tCO2/(t·nm)), while Vessel D, despite a higher absolute auxiliary fuel
consumption, maintains a relatively low EEOI (1.62 × 10−5 tCO2/(t·nm)) due to higher
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cargo capacity (7410 TEU). This highlights the importance of both fuel efficiency and cargo
utilisation in determining emissions intensity.

Overall, the results confirm that logistics performance indicators and energy efficiency
metrics are intrinsically linked. Improvements in capacity utilisation and operational
efficiency simultaneously reduce cost per TEU, fuel consumption per TEU, and emissions
intensity. These findings demonstrate the systemic nature of logistics–energy interactions
and highlight the importance of integrated performance assessment at the vessel level.

5.8. Sensitivity Analysis Results

Sensitivity analysis was performed using a one-factor-at-a-time approach, varying one
operational parameter while keeping all others constant.

5.8.1. Sensitivity to Vessel Speed

Service speed directly affects sea transport time, main engine fuel consumption, and
consequently, CO2 emissions and the EEOI.

Given that:

• Sea transport time is inversely proportional to speed.
• Main engine fuel consumption is approximately proportional to delivered power and

operating time.
• A ±10% variation in vessel speed produces non-linear impacts on energy efficiency

indicators (see Table 13).

For each speed variation, sea transport time and main engine fuel consumption were
adjusted according to the revised operating conditions, while auxiliary engine consumption
remained proportional to voyage duration.

Table 13. Sensitivity to vessel speed variation.

Parameter −10% Speed (Slow Steaming) +10% Speed

Sea transport time +11 to +12% −9 to −10%
Main engine fuel per voyage −8 to −12% +10 to +15%
Fuel consumption per TEU Decreases Increases
EEOI Improves substantially Worsens significantly
Logistics cycle time Increases moderately Decreases moderately

Table 14 illustrates the quantitative propagation of speed variation into logistics and
environmental performance indicators for a representative vessel.

Table 14. Example of quantitative sensitivity results for Vessel D.

Scenario Speed (%) Sea Transport Time (h) Logistics Cycle Time (h) Fuel per TEU (kg) EEOI (tCO2/(t·nm))

Baseline 0% 52.63 171.19 47.03 1.62 × 10−5

Slow steaming −10% 58.48 177.04 38.09 1.44 × 10−5

Higher speed +10% 47.85 166.41 56.91 1.82 × 10−5

Sea transport time was recalculated assuming a constant reference distance of 1000
nautical miles and proportional variation with service speed. Main engine fuel consump-
tion was assumed to scale with the square of vessel speed, while auxiliary engine con-
sumption during sea passages was assumed to scale with voyage duration. Auxiliary
engine consumption during port stays was kept constant. Fuel per TEU and the EEOI
were recomputed accordingly, while transported cargo mass and reference distance were
maintained constant.

https://doi.org/10.3390/su18094279

https://doi.org/10.3390/su18094279


Sustainability 2026, 18, 4279 23 of 37

Figure 7 shows the strong sensitivity of the EEOI and logistics cycle time to ves-
sel speed, highlighting the non-linear trade-off between environmental efficiency and
service performance.

Figure 7. Sensitivity of environmental and logistics performance to vessel speed variation.

5.8.2. Sensitivity to Port Productivity (±20%)

Port productivity directly affects vessel stationary time in port, auxiliary engine oper-
ating hours, and total logistics cycle time.

The analysis considered variations in crane productivity and terminal handling ca-
pacity of ±20%, consistent with differences observed between conventional and semi-
automated terminals. The analysis results are presented in Table 15.

Table 15. Sensitivity to port productivity variation.

Parameter −20% Productivity +20% Productivity

Port stay time +25% −17%
Auxiliary fuel consumption +18–22% −15–18%

Total fuel consumption Moderate increase Moderate reduction
Fuel per TEU Increases Decreases

EEOI Worsens Improves
Logistics cycle time Increases significantly Decreases significantly

For each productivity scenario, vessel stationary time in port and auxiliary engine fuel
consumption during port stay were adjusted according to the revised operating conditions,
while sea passage fuel consumption remained unchanged.

Figure 8 shows that variations in port productivity significantly affect both logis-
tics cycle time and vessel-level emissions intensity, underlining the systemic role of
terminal performance.
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Figure 8. Sensitivity of vessel-level performance to port productivity variation.

5.8.3. Sensitivity to Vessel Loading Rate (±10%)

The loading rate influences the normalisation of performance indicators rather than
absolute fuel consumption. Variations in utilisation were introduced by modifying the
transported TEU by ±10%, while keeping voyage fuel consumption constant.

Under this assumption, fuel consumption and CO2 emissions per TEU vary inversely
with transported volume, while the EEOI reflects changes in cargo mass (Table 16).

Figure 9 confirms that even moderate variations in vessel loading rate substantially
influence normalised sustainability indicators. The curves for fuel consumption per TEU
and CO2 emissions per TEU coincide. This behaviour is expected, as CO2 emissions are
directly proportional to fuel consumption through fixed fuel-specific carbon conversion
factors (Equation (11)). Consequently, both indicators scale identically with variations in
transported TEU, differing only by a constant proportionality factor.

Figure 9. Sensitivity of normalised sustainability indicators to vessel loading rate.

https://doi.org/10.3390/su18094279

https://doi.org/10.3390/su18094279


Sustainability 2026, 18, 4279 25 of 37

Table 16. Sensitivity to vessel loading rate variation.

Parameter −10% Loading +10% Loading

Fuel consumption per TEU +11% −9%
CO2 per TEU +11% −9%
EEOI Worsens significantly Improves significantly
Cost per TEU Increases Decreases
VCUR Decreases Increases

5.8.4. Combined Sensitivity of Auxiliary Engine Load Factors and Port Productivity:
Implications for the EEOI and EU ETS

While Sections 5.8.1–5.8.3 analyse the sensitivity of vessel performance to individual
operational parameters, this subsection provides an integrated assessment of port-related
operational levers, namely auxiliary engine load factors during port stay and terminal
productivity, which are directly relevant for emissions occurring at berth and therefore for
regulatory exposure under the EU Emissions Trading System (EU ETS) [36].

Auxiliary engine fuel consumption during port stay is proportional to both the auxil-
iary engine load factor (LFAE,port) and the vessel stationary time in port (VST), as expressed
in Equations (3), (4) and (7). Consequently, variations in LFAE,port and port productiv-
ity propagate directly into total fuel consumption, CO2 emissions, and the Energy Effi-
ciency Operational Indicator (EEOI), while leaving transported cargo mass and voyage
distance unchanged.

To illustrate the magnitude of these effects, a synthetic sensitivity analysis was per-
formed for two representative vessels (Vessel B and Vessel D). Vessels B and D were selected
as representative cases due to their contrasting auxiliary emission shares and port stay
durations, allowing a clearer illustration of port-related sensitivity effects (Tables 7 and 11).

The results demonstrate that port-related operational parameters exert a measurable
influence on vessel-level environmental performance, particularly for vessels with a higher
share of auxiliary engine emissions during port stays. For Vessel D, which exhibits longer
port times and higher auxiliary emissions, improvements in port productivity or reductions
in auxiliary load factors lead to EEOI reductions exceeding 4–5%, comparable in magnitude
to moderate speed management measures (Table 17).

Table 17. Synthetic sensitivity of port-related parameters and impact on the EEOI.

Vessel Scenario CO2 Total
(t) ∆CO2 (%) EEOI (tCO2/(t·nm)) ∆EEOI (%)

B Baseline 2065.35 0.0 2.54 × 10−5 0.0
B (LFAE,port −20%) ≈2010 −2.7 ≈2.47 × 10−5 −2.7
B (LFAE,port +20%) ≈2121 +2.7 ≈2.6 × 10−5 +2.7
B Port productivity +20% ≈2019 −2.2 ≈2.48 × 10−5 −2.2
D Baseline 1717.62 0.0 1.62 × 10−5 0.0
D (LFAE,port −20%) ≈1627 −5.3 ≈1.53 × 10−5 −5.3
D (LFAE,port +20%) ≈1809 +5.3 ≈1.71 × 10−5 +5.3
D Port productivity +20% ≈1642 −4.4 ≈1.55 × 10−5 −4.4

Note: Values are indicative and derived by proportional propagation of auxiliary engine fuel consumption and port stay
duration, while keeping transported cargo mass and voyage distance constant.

5.8.5. Normalised Sensitivity Indices and Variable Importance Ranking

To provide a synthetic assessment of the relative importance of the analysed opera-
tional parameters, normalised sensitivity index (SI) was computed for each parameter with
respect to the Energy Efficiency Operational Indicator (EEOI), using the quantitative results
derived in Sections 5.8.1–5.8.4. The SI expresses the percentage change in the EEOI per
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unit percentage change in the input parameter, enabling direct comparison across variables
varied at different scales.

The results, summarised in Table 18, indicate a clear hierarchy of parameter influence
on vessel-level environmental performance.

Table 18. Normalised sensitivity indices for EEOI—Vessel D (representative case).

Parameter Input Variation EEOI Variation Sensitivity Index (SI) Rank

Service speed ±10% ≈±11–12% ~1.15 1
Vessel loading rate ±10% ≈±11% ~1.10 2
AE load factor (port) ±20% ±5.3% ~0.27 3
Port productivity ±20% ±4.4% ~0.22 4

Note: SI values represent average magnitudes across the positive and negative perturbation directions. Results are derived
from the deterministic model applied to Vessel D as a representative case; qualitative rankings are consistent across the four
analysed vessels.

Service speed emerges as the dominant operational driver, due to its non-linear
influence on propulsion energy demand. Vessel loading rate also exhibits a strong effect on
normalised indicators such as the EEOI, although this influence arises primarily from the
normalisation of emissions by transported cargo mass rather than from changes in absolute
fuel consumption.

Port-related parameters—auxiliary engine load factor and terminal productivity—exert
a comparatively lower yet still measurable influence (SI ≈ 0.22–0.27), consistent with their
indirect effect on the EEOI through auxiliary fuel consumption during port stays.

This ranking is consistent with the deterministic results presented in Sections 5.8.1–5.8.3
and provides a structured basis for prioritising operational interventions. A probabilistic
sensitivity analysis using Monte Carlo simulation would capture parameter interaction
effects and the full distribution of output uncertainty. However, the normalised SI approach
applied here provides a transparent and tractable variable importance ranking directly
derived from the analytical model. It does so without requiring empirically estimated input
distributions, which are not available for the present four-vessel dataset.

5.8.6. Implications for EU ETS, FuelEU Maritime, and IMO CII Compliance

Under the EU ETS for maritime transport, CO2 emissions occurring during port stays
and intra-EU voyages are fully subject to allowance surrender requirements. Because the
EEOI is directly proportional to total CO2 emissions for a given transported cargo mass
and distance (Equation (12)), reductions in auxiliary engine emissions achieved through
improved port productivity or optimised onboard energy management translate directly
into lower EU ETS compliance costs.

From an economic perspective, EU ETS exposure is directly linked to carbon pricing
levels. Recent market data indicate that EU ETS carbon prices have typically ranged
between 80 and 100 EUR/tCO2 in recent years [37].

The EU ETS cost per transported unit can be approximated as a function of CO2 emis-
sions per TEU and the carbon price, where CO2 emissions per TEU are calculated according
to Equation (14), and the carbon price reflects prevailing EU ETS market conditions. This for-
mulation provides a direct link between vessel-level emissions and regulatory compliance
costs, offering a first-order estimation of regulatory cost exposure at the vessel level.

To provide a quantitative illustration of regulatory cost exposure, Table 19 presents
the estimated EU ETS cost per transported TEU for each vessel, based on the calculated
CO2 emissions per TEU (Equation (14)) and representative carbon price levels.
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Table 19. Estimated EU ETS cost per transported TEU based on vessel-level CO2 emissions and
representative carbon prices.

Vessel CO2/TEU (kg) EU ETS Cost at
80 EUR/tCO2 (EUR/TEU)

EU ETS Cost at
100 EUR/tCO2 (EUR/TEU)

A 423.9 33.91 42.39
B 318.2 25.46 31.82
C 191.1 15.29 19.11
D 231.8 18.54 23.18

Note: CO2/TEU values are derived from the total CO2 emissions (Table 12) and transported TEU (Table 9).

The results show that EU ETS costs per transported unit vary significantly across
vessels, ranging from approximately 15 EUR/TEU (Vessel C) to over 40 EUR/TEU (Vessel A)
under representative carbon price levels, confirming the strong economic relevance of
vessel-level operational efficiency under carbon pricing mechanisms.

Under such conditions, a 2–5% reduction in vessel-level emissions—such as those
identified in Section 5.8.4 for port-related operational improvements—would result in
proportional reductions in compliance costs.

These results indicate that port efficiency improvements and auxiliary energy man-
agement represent key mitigation levers, simultaneously reducing logistics cycle time,
the EEOI, and regulatory costs. This highlights the importance of coordinated ship–port
operational strategies in the context of EU ETS implementation, particularly for container
vessels operating under frequent port-call patterns.

In addition to the EU ETS, the results have direct implications for compliance with the
FuelEU Maritime Regulation, which targets the greenhouse gas intensity of energy used on
board. Unlike the EU ETS, which is based on absolute CO2 emissions, FuelEU Maritime
introduces financial penalties when the energy used does not meet progressively stricter
GHG intensity limits [38]. While the analysis captures these effects at a conceptual level,
a detailed quantitative modelling of FuelEU penalty functions is beyond the scope of the
present study.

In this context, auxiliary engine operation during port stays plays a critical role, as
prolonged port times and increased onboard energy demand lead to higher overall energy
intensity. Consequently, operational measures such as improved port productivity, reduced
hotelling time, and optimised auxiliary engine loads not only contribute to lower emissions,
but also to improved FuelEU compliance and reduced exposure to penalties.

These findings indicate that port-related operational efficiency represents a key miti-
gation lever under both the EU ETS and FuelEU Maritime frameworks.

Furthermore, the results are directly relevant to the IMO Carbon Intensity Indicator
(CII), a key operational metric for assessing vessel efficiency [39]. As the CII is based on CO2

emissions normalised by transport work, improvements in operational parameters such as
vessel speed, loading rate, and port turnaround time—identified in this study—contribute
directly to improved CII ratings. In particular, optimised voyage profiles and improved
operational efficiency help achieve lower carbon intensity.

Overall, the sensitivity analysis indicates that vessel speed represents the dominant
operational driver affecting both environmental and logistics performance, with direct
implications for regulatory compliance under EU ETS, FuelEU Maritime, and IMO CII
frameworks. This highlights the central role of speed management strategies, such as
slow steaming, as an effective operational lever for improving both energy efficiency and
emissions performance in container shipping.
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6. Discussion
The sensitivity analysis supports the research hypothesis, indicating that port stay

duration and auxiliary engine operation significantly influence the vessel-level EEOI.
Vessels with longer port stays exhibit higher auxiliary engine fuel consumption, leading
to increased emissions intensity. These results demonstrate that port-related operational
parameters can influence the EEOI to a degree comparable to moderate vessel speed
variations under similar operating conditions.

Overall, the findings highlight the critical role of port-related operational factors
in shaping the environmental performance of container ships. While previous studies
have primarily emphasised speed optimisation as a key mechanism for reducing fuel
consumption [14], the present analysis shows that port operations and auxiliary engine use
represent equally important drivers of emissions intensity.

6.1. Capacity Utilisation and Operational Efficiency

The results show that high vessel capacity utilisation is a key determinant of opera-
tional efficiency in container shipping. This finding is consistent with maritime logistics
studies, which identify capacity utilisation as a critical driver of cost efficiency and network
performance [6]. From an operational perspective, maintaining high utilisation levels
supports improved economic performance and enhances the overall competitiveness of
shipping services.

6.2. Cost per TEU and Economies of Scale

The cost-per-TEU analysis indicates a systematic decreasing trend with increasing
vessel size, confirming the persistence of economies of scale in container shipping.

The lower cost per TEU observed for newer and larger vessels—even after adjusting for
age-related OPEX differences (see Appendix B)—is also consistent with studies indicating
that technological advancements and improved propulsion efficiency contribute to lifecycle
cost reductions. The findings support the role of vessel-level performance assessment in
informing fleet renewal and deployment strategies.

6.3. Port Time, Logistics Cycle Time, and Service Performance

The relationship between port time and logistics cycle performance highlights the
importance of terminal productivity in shaping vessel turnaround efficiency. Although
larger vessels are associated with longer port stays, overall logistics cycle performance
depends on the interaction between vessel characteristics and port efficiency. These findings
are consistent with empirical studies emphasising the role of terminal productivity in
determining vessel turnaround time and service performance [3,12,13].

6.4. Fuel Consumption per TEU and Energy Efficiency

The observed improvements in normalised fuel consumption reflect the combined
effects of economies of scale, enhanced propulsion efficiency, and improved hydrodynamic
performance in newer vessels. These findings are consistent with empirical evidence
reported in [7,21], which demonstrates that larger vessels achieve superior energy efficiency
despite higher absolute fuel consumption. This confirms the relevance of normalised energy
performance indicators for vessel benchmarking and operational decision-making.

6.5. The EEOI and Environmental Performance Benchmarking

The EEOI results confirm its sensitivity to key operational parameters, including vessel
speed, loading rate, and port-related factors. Consistent with previous studies [6,17], the
EEOI effectively differentiates vessels according to technological and operational perfor-
mance, supporting its use as a robust indicator for environmental benchmarking. These
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findings reinforce the importance of integrating operational and logistical parameters when
evaluating emissions intensity.

6.6. Implications for EU ETS and FuelEU Maritime Compliance

The results of the integrated vessel-level assessment have direct relevance for emerging
European regulatory frameworks, particularly the EU Emissions Trading System (EU ETS)
and the FuelEU Maritime Regulation, both of which shift the focus from purely technical
ship characteristics toward operational emissions and energy use under real operating
conditions [38,40].

Within the EU ETS framework, shipping companies are required to monitor, report,
and surrender allowances for verified CO2 emissions generated during both sea passages
and port stays. Under prevailing carbon price levels, these emissions translate into measur-
able regulatory costs at the vessel level. As demonstrated in Sections 5.6–5.8, vessel-level
emissions and EEOI values are not determined solely by main engine performance, but are
significantly influenced by auxiliary engine operation during port stays, which is directly
linked to vessel stationary time and terminal productivity. This finding is consistent with
previous studies highlighting the contribution of hotelling and cargo-handling activities to
total vessel emissions [2,41,42].

The sensitivity analysis further shows that operational improvements at the ship–port
interface—such as enhanced port productivity and optimised auxiliary engine
management—can lead to measurable reductions in emissions and emissions intensity, with
corresponding reductions in regulatory cost exposure, as quantified in Section 5.8.6 [19,42].
As discussed in Section 5.8.4, these effects are particularly relevant for vessels with longer
port stays and higher auxiliary energy demand, and can be comparable in magnitude to
moderate speed optimisation measures. For example, the sensitivity analysis (Section 5.8.4)
indicates that reductions in auxiliary engine load or improvements in port productivity lead
to CO2 and EEOI reductions of approximately 2–3% for vessels with moderate auxiliary
energy demand, and over 4–5% for vessels with longer port stays.

From a regulatory perspective, these results indicate that even moderate operational
improvements can translate into measurable reductions in regulatory cost per transported
unit, with significant variations in cost exposure observed across vessels [19,42].

FuelEU Maritime further reinforces the importance of an integrated operational per-
spective. Unlike the EU ETS, which targets absolute CO2 emissions, FuelEU Maritime
regulates the greenhouse gas intensity of onboard energy use, including energy consumed
during port stays. Consequently, prolonged port times and inefficient auxiliary energy use
increase overall energy intensity, negatively affecting compliance margins [38]. This may
also increase exposure to regulatory penalties under FuelEU Maritime. These effects are
consistent with the operational patterns identified in the sensitivity analysis (Section 5.8).

The results suggest that vessels with higher auxiliary energy demand and longer
port stays are structurally more exposed to regulatory constraints, even when main en-
gine efficiency is relatively high. Therefore, operational measures such as improved port
productivity, onboard energy management, and shore power integration emerge as key
components of compliance strategies, complementing traditional approaches based on
speed management and fuel switching [36].

Overall, the findings demonstrate that compliance with EU ETS and FuelEU Mar-
itime cannot rely solely on vessel design or propulsion efficiency, but requires coordinated
ship–port operational strategies. In this context, integrating speed management, port perfor-
mance, and auxiliary energy optimisation within unified monitoring frameworks represents
a key approach for simultaneously improving logistics efficiency, reducing regulatory costs,
and enhancing compliance with EU ETS and FuelEU Maritime requirements.
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6.7. Comparison with Existing Benchmarks

The results obtained in this study align well with benchmark ranges reported in recent
maritime logistics and energy efficiency literature. The VCUR values (89.1–93.4%) fall
within the optimal utilisation range of 85–95% reported in [2]. Similarly, fuel consumption
per TEU (60.95–135.45 kg/TEU) is consistent with the range of 50–150 kg/TEU identified
for medium-size container vessels, depending on vessel age and operating speed [6].

The calculated EEOI values (1.59 × 10−5 to 3.77 × 10−5 tCO2/(t·nm)) are comparable
to those reported by [6] for similar vessel classes (1.4 × 10−5 to 4.0 × 10−5 tCO2/(t·nm)).
In addition, the adjusted cost per TEU values (79.34–155.68 USD/TEU), accounting for
vessel age as detailed in Appendix B, fall within the range reported by Sigalas (2022) [6] for
operating costs in this segment.

Overall, this consistency with established benchmarks supports the validity of the
applied methodology and the representativeness of the case study results. The vessel-level
resolution of the analysis further provides additional granularity compared to fleet-level
benchmarks, strengthening the applicability of the proposed framework for operational
decision support.

7. Conclusions
This study presents and empirically applies an integrated vessel-level framework

for jointly assessing logistics performance and operational energy efficiency in container
shipping. By combining logistics indicators with fuel consumption and emissions metrics
within a unified system boundary, the proposed approach captures the interdependence
between operational efficiency and environmental performance under real operating condi-
tions. The results confirm that vessel-level performance is shaped by multiple interacting
operational parameters, including speed, port operations, and capacity utilisation. From a
regulatory perspective, the findings highlight the importance of operational measures at
the ship–port interface for supporting compliance with emerging frameworks such as EU
ETS and FuelEU Maritime, complementing traditional strategies focused on propulsion
efficiency and fuel choice.

The findings demonstrate that logistics and energy performance at the vessel level are
intrinsically interconnected through a set of operational parameters that simultaneously
influence cost efficiency, fuel consumption, and emissions intensity. In this context, port-
related parameters—such as vessel stationary time and auxiliary engine operation—emerge
as critical secondary drivers of environmental performance, directly affecting both total
CO2 emissions and emissions intensity.

While service speed remains the dominant factor influencing propulsion-related en-
ergy demand, the analysis highlights that improvements in port productivity and auxiliary
energy management can generate measurable environmental benefits. This underscores the
importance of extending performance optimisation beyond traditional propulsion-focused
strategies toward integrated ship–port operational management.

Overall, the results show that effective decarbonisation in container shipping requires
coordinated optimisation of both navigation and port operations, particularly for vessels
operating under frequent port-call patterns.

7.1. Theoretical Contributions

This study contributes to the literature on sustainable maritime logistics by:

1. Developing an integrated vessel-level benchmarking framework that explicitly links
logistics performance indicators with IMO-based energy efficiency metrics.

2. Providing empirical evidence for medium-sized container ships, a segment that re-
mains underrepresented compared to ultra-large container vessels.
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3. Demonstrating, through sensitivity analysis, how operational decisions propagate
simultaneously into logistics efficiency and emissions intensity.

By operationalising logistics–energy interactions at the vessel level, the framework
advances a more holistic understanding of performance trade-offs in container shipping.

7.2. Managerial and Practical Implications

The results of this study provide a set of actionable recommendations for shipping com-
panies, port operators, and fleet managers aimed at improving both logistics performance
and environmental efficiency.

Shipping companies should prioritise integrated operational management by combin-
ing speed optimisation with port performance monitoring and auxiliary energy control. In
particular, the implementation of real-time performance monitoring systems, integrated
with EU MRV reporting platforms and onboard energy management tools, can support
continuous optimisation of fuel consumption and emissions. The development of digital
shipping corridors [43] represents a promising avenue for modernising maritime logistics
operations through integrated data platforms and smart port technologies.

Port authorities and terminal operators should focus on increasing crane productivity
and reducing vessel turnaround time as key levers for improving both logistics efficiency
and emissions performance. Achieving and maintaining crane productivity levels above
industry benchmark values (e.g., 30 moves per crane-hour) can significantly reduce port
stay duration and associated auxiliary energy demand.

Fleet managers should incorporate auxiliary engine performance into routine mon-
itoring and optimisation practices, including load management during port stays and
the adoption of shore power solutions where available. In addition, vessel deployment
strategies should consider port efficiency conditions alongside traditional factors such as
route structure and vessel size.

Overall, the findings support the adoption of coordinated ship–port operational strate-
gies, in which logistics performance, energy efficiency, and regulatory compliance are
managed within a unified decision-making framework.

7.3. Limitations and Future Research

The present study has several limitations that should be considered when interpreting
the results. The analysis is based on a limited sample of four vessels, which constrains the
statistical generalisability of the findings, although the selected cases are representative
of the medium-size container segment. In addition, the emissions assessment adopts a
tank-to-wake system boundary, focusing exclusively on onboard fuel combustion and
excluding upstream (well-to-wake) emissions.

Furthermore, the sensitivity analysis is based on a deterministic one-factor-at-a-time
approach, which enables the identification of dominant operational drivers but does not
capture parameter interactions or uncertainty propagation.

Future research should address these limitations by extending the framework to larger
operational datasets and incorporating probabilistic methods, such as Monte Carlo simula-
tions and global sensitivity analysis. Further developments may include the integration of
well-to-wake emissions and CO2-equivalent (CO2e) indicators, as well as the analysis of
alternative fuel scenarios (e.g., LNG, methanol, and hydrogen) and advanced regulatory
cost modelling under EU ETS and FuelEU Maritime frameworks, including allowance price
dynamics, vessel-level cost optimisation, and penalty mechanisms.

In addition, future work will extend the framework to include explicit IMO Car-
bon Intensity Indicator (CII) calculations and rating classification based on annualised
operational data. Moreover, emerging machine learning approaches for energy demand
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forecasting [44] could be integrated into the framework to enable predictive analytics and
real-time operational optimisation in container ports.
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AE Auxiliary Engine
CF Carbon Conversion Factor
CII Carbon Intensity Indicator
CO2 Carbon Dioxide
CO2e Carbon Dioxide Equivalent
EEDI Energy Efficiency Design Index
EEOI Energy Efficiency Operational Indicator
EEXI Energy Efficiency Existing Ship Index
EP Energy Productivity
EU ETS European Union Emissions Trading System
FC Fuel Consumption
FUR Fleet Utilisation Rate
GHG Greenhouse Gas
HFO Heavy Fuel Oil
IMO International Maritime Organization
LCT Logistics Cycle Time
LF Load Factor
MDO Marine Diesel Oil
ME Main Engine
MGO Marine Gas Oil
MRV Monitoring, Reporting and Verification
OAT One-Factor-at-a-Time
OPEX Operating Expenditures
OTAR On-Time Arrival Rate
PMS Planned Maintenance System
SFOC Specific Fuel Oil Consumption
SI Sensitivity Index
TEU Twenty-Foot Equivalent Unit
VCUR Vessel Capacity Utilisation Rate
VST Vessel Stationary Time
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Appendix A. Justification of Operational Margin δ in Port
Stay Calculations

The operational margin δ in Equation (7) accounts for non-productive time during
port calls, including:

• Vessel manoeuvring and positioning at berth.
• Pilot boarding and disembarkation.
• Line handling and mooring operations.
• Waiting times between crane cycles.
• Document handling and customs formalities.
• Unexpected delays (equipment failure, weather, etc.).

The range δ = 0.10–0.30 is derived from terminal performance literature.
The ref. [4] reports that productive container handling typically represents 70–90%

of total port stay time across global terminals. This implies δ values of 0.11 to 0.43,
calculated as:

δ = (1/productive time share) − 1
For example:

− 90% productive time → δ = 1/0.9 − 1 = 0.11.
− 80% productive time → δ = 1/0.8 − 1 = 0.25.
− 70% productive time → δ = 1/0.7 − 1 = 0.43.

Operational inefficiencies can add 15–25% to theoretical handling time in conven-
tional terminals, corresponding to δ values of 0.15–0.25 [13]. Similarly, in well-managed
terminals, non-productive time accounts for approximately 15–20% of total port stay
(δ = 0.18–0.25) [28].

A baseline value of δ = 0.20 is adopted in this study, representing typical conditions in
semi-automated terminals with moderate operational efficiency.

This value is consistent with the mean of ranges reported in the literature and provides
a realistic yet conservative estimate for vessel-level logistics performance modelling.

Appendix B. Estimation of Non-Fuel Operating Expenses (OPEX)
Due to data confidentiality, actual non-fuel operating expenses for the analysed ves-

sels were not available. Instead, OPEX was estimated using industry benchmarks, with
adjustments for vessel age based on the maritime economics literature.

Appendix B.1. Baseline OPEX Estimation

The daily operating expenses (OPEX) for medium-sized container vessels (6000–7500 TEU)
are generally estimated within the range of $6500–8500 per day [9,22].

This range encompasses:

• Crew costs: $2000–2800/day.
• Maintenance and repairs: $1500–2500/day.
• Insurance (H&M and P&I): $800–1200/day.
• Stores and lubricants: $500–800/day.
• Administration and management: $700–1200/day.

A baseline value of $7500/day was selected, representing the midpoint of this range
and corresponding to a vessel of average age and technical specifications.

Appendix B.2. Reference Period

The study covers a 120-day reference period (December 2023–March 2024), resulting
in baseline OPEX of: $7500/day × 120 days = $900,000 per vessel.
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Appendix B.3. Age Adjustment Factors

Vessel age significantly influences operating expenses, particularly maintenance, re-
pairs, and insurance. Age adjustment factors were derived from [27] (see Table A1).

Table A1. Age adjustment factors.

Vessel Age
Category

Maintenance Cost
Premium

Insurance
Premium

Combined
Adjustment Factor

<10 years 0% 0% 1.00
10–15 years +5–10% +5% 1.05–1.10
15–20 years +10–15% +10% 1.10–1.15
>20 years +15–25% +15% 1.15–1.25

These ranges are consistent, and note that older vessels require more frequent dry-
docking and have higher machinery breakdown risks, leading to increased maintenance
expenditure.

Appendix B.4. Applied Adjustment Factors

Based on the specific ages of the analysed vessels, the adjustment factors in Table A2
were applied.

Table A2. Adjustment factors and OPEX.

Vessel Year Built Age (2024) Category Adjustment
Factor

Adjusted
OPEX

A 2000 24 years >20 1.20 $1,080,000
B 2002 22 years >20 1.15 $1,035,000
C 2001 23 years >20 1.18 $1,062,000
D 2012 12 years 10–15 1.00 $900,000

Note: Vessel B, despite being in the >20-year category, received a slightly lower adjustment (1.15 vs. 1.18–1.20) due to its
documented maintenance history indicating better-than-average condition for its age.

Appendix B.5. Validation and Sensitivity

The resulting OPEX values ($900,000–$1,080,000 for 120 days) correspond to daily
rates of $7500–$9000, which fall within the upper range of industry benchmarks for vessels
of this class [9]. Sensitivity analysis (Section 5.8) confirms that even a ±20% variation in
these estimates would not alter the main conclusions, as fuel costs represent 50–65% of
total operating expenditures.

Appendix C. Assumptions for Auxiliary Engine Load Factors
Auxiliary engine load factors used in Equations (3) and (4) were selected based on

established ship emission inventory methodologies. In vessel energy and emission as-
sessments, auxiliary fuel consumption is commonly estimated as the product of installed
generator power, operating time, and a representative load factor reflecting the fraction of
rated power effectively utilised [6].

Appendix C.1. Port Stay Load Factor (LFAE,port = 0.40)

During port stay (hotelling), auxiliary engines supply:

• Hotel loads (accommodation lighting, HVAC, galley).
• Cargo-handling support systems (reefer containers).
• Ventilation and pumping systems.
• Navigation and communication equipment (standby mode).
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Empirical studies based on onboard measurements report:

• Hulskotte et al. (2010) [42]: 0.35–0.45 for container ships at berth.
• Nicewicz and Tarnapowicz (2012) [41]: 0.38–0.42 based on electrical load measurements.
• Merk (2014) [24]: 0.40 as a representative value for port emission inventories.
• IMO (2020) [5]: 0.35–0.50 depending on reefer container share,
• OECD (2014) [40]: 0.30–0.50 reported for container vessels, depending on reefer

container share.

Reported load factor values vary depending on vessel size, electrical system configu-
ration and the proportion of refrigerated containers carried on board.

A baseline value of 0.40 is adopted, representing typical conditions with moderate
reefer container demand.

Appendix C.2. Sea Passage Load Factor (LFAE,sea = 0.30)

During sea passage, auxiliary engines primarily supply:

• Navigation equipment and bridge systems.
• Accommodation hotel loads.
• Refrigeration (if applicable).
• Ballast and bilge systems.

Hulskotte (2010) [42] reports lower load factors at sea, typically in the range of
0.20–0.35, due to:

• Main engine providing propulsion, reducing auxiliary demand.
• Intermittent loading patterns.
• Installed generator overcapacity.

A baseline value of 0.30 is adopted, providing a conservative yet realistic estimate for
comparative analysis.

Appendix C.3. Sensitivity Range

Based on the cited literature, a plausible sensitivity range of 0.25–0.45 is considered
representative for auxiliary engine loading, which is explicitly explored in the sensitivity
analysis presented in Section 5.
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