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Abstract

This study reconsiders port efficiency by treating energy consumption as a productive input that can expand throughput, rather than
a mere cost. We develop a stochastic frontier analysis (SFA) framework in which output is throughput (e.g., TEU) and inputs include
land, labor, and energy, allowing energy to constrain or amplify productive capacity. Leveraging a panel of 40 Mediterranean
container ports over 2022-2024, we decompose technical inefficiency (TE) into input-specific components and quantify the
contributions of labor and energy to underperformance. The analysis builds canonical SFA formulations (Aigner, Lovell, & Schmidt,
1977, Farrell, 1957) with panel extensions (Battese & Coelli, 1995), introducing energy as a central input linked to both throughput
and emissions outcomes. Results reveal a stratified regional landscape: mega-hubs such as Tanger Med, Valencia, and Piraeus
operate near the technical frontier, while many gateway and regional ports, particularly in North Africa and the Eastern
Mediterranean, exhibit notable inefficiency. Crucially, input-specific decompositions show labor and energy jointly accounting for
over half of total inefficiency in mid- and low-tier ports, signaling that suboptimal resource management not infrastructure alone
drives performance gaps. The study contributes to decarbonization discourse by framing energy efficiency as a driver of throughput,
with implications for policy and investment in energy management and green port technologies.

Keywords: Port Efficiency, Energy, Stochastic Frontier Analysis, Mediterranean Ports. .

Introduction

Maritime hubs are the backbone of regional and global supply chains, linking land- and sea-based
logistics through hub-and-spoke networks, scale economies, and multimodal integration. Yet, as
decarbonization agendas tighten energy and emission constraints, the conventional
understanding of port efficiency traditionally rooted in throughput, quay crane productivity, and
labor utilization must be reexamined in a framework where energy use is not merely an input
cost but a productive input that can expand throughput capacity. This study advances the
literature by explicitly treating energy consumption as a core input within a stochastic frontier
analysis (SFA) framework and by linking technical efficiency (TE) to throughput across a
regional-relevant set of 40 Mediterranean container ports over 2022—-2024.

Methodologically, we estimate a stochastic frontier production function in which output is
throughput (e.g., container volumes or TEU) and inputs include land, labor, and energy, with
energy treated not as an external cost but as a factor that constrains or expands productive
capacity. This specification allows us to decompose inefficiency into input-specific components

! University of Sfax, Faculty of Economics and Management Sciences, Department of Economics, Sfax, Tunisia, Corresponding
Author: dirin_achour@hotmail.com
2 University of Carthage, HEC Institute, Department of Economics, Tunis, Tunisia Email: sameh.zouarisellami@ihec.ucar.tn

posthum anism . co.uk



https://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.63332/joph.v5i12.3812
mailto:dirin_achour@hotmail.com
mailto:sameh.zouarisellami@ihec.ucar.tn

Mchirgui & Sellami. 405

and to quantify how much port underperformance stems from labor management, energy
intensity, or the interaction between the two. The approach builds on canonical SFA formulations
(Aigner, Lovell, & Schmidt, 1977; Farrell, 1957) and subsequent panel extensions (Battese &
Coelli, 1995), while contributing a methodological innovation: energy as a central productive
input that jointly shapes throughput and emissions outcomes. In doing so, we bridge operational
performance with environmental sustainability, a linkage increasingly emphasized in port
economics and policy discussions (Rodriguez & Notteboom, 2020; Rodrigue, Notteboom, &
Murphy, 2020).

The results reveal substantial regional heterogeneity: mega-hubs such as Tanger Med, Valencia,
and Piraeus operate near the technical frontier, while many gateway and regional ports—
especially in North Africa and the Eastern Mediterranean—exhibit notable inefficiency. The
Mediterranean context offers a particularly informative setting for this linking of efficiency and
decarbonization agendas. The region features a clear stratification of hub status, with mega-hubs
such as Tanger Med, Valencia, and Piraeus operating near the technical frontier (TE > 0.85),
alongside gateway and regional ports especially in North Africa and the Eastern Mediterranean
that exhibit pronounced inefficiency (lower TE scores, down to 0.37 in Latakia). Importantly, the
input-specific decomposition reveals that inefficiency is not uniformly distributed across inputs:
labor and energy jointly account for more than half of total inefficiency in mid- and low-tier
ports. This finding implies that suboptimal resource management rather than merely
infrastructure deficits acts as the primary bottleneck to performance, underscoring the critical
role of energy efficiency in lifting throughput in energy-constrained ports.

A core contribution of this article is to conceptualize energy not as a peripheral or external cost
but as a productive input that, when used efficiently, enhances throughput capacity. In the densely
constrained land-side geographies of the Mediterranean, energy efficiency has a direct and
sizable impact on port performance, influencing cargo handling rates, dwell times, and the
throughput capacity that supports decarbonization objectives. This perspective aligns with
emerging views in port economics and policy that place energy intensity, energy management
practices, and green investments at the center of competitiveness and sustainability (Rodriguez
& Notteboom, 2020; Rodrigue, Notteboom, & Murphy, 2020). By providing a robust, data-driven
assessment of TE and its drivers across a diverse set of ports, this study offers actionable insights
for policymakers, port authorities, and terminal operators seeking to align efficiency gains with
decarbonization targets.

The paper proceeds as follows: Section 2 reviews the relevant literature on stochastic frontier
analysis, energy as a productive input, and the efficiency—decarbonization nexus in ports; Section
3 outlines data, variables, and the SFA model specification; Section 4 presents the results,
including TE scores by port tier and input-specific inefficiency decomposition; Section 5
discusses policy implications for Mediterranean port planning, energy management, and regional
decarbonization strategies; and Section 6 concludes with avenues for future research.

1. Literature review

Recent studies on port efficiency have increasingly integrated energy considerations into frontier
analyses, reframing energy not merely as a cost or constraint but as a productive input that can
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directly influence throughput and frontier position. This integrated perspective aligns with the
resource- and sustainability-focused views in maritime economics, and it motivates
methodological refinements in stochastic frontier analysis (SFA) to capture energy-embedded
productivity dynamics in energy-intensive port operations. Technical efficiency, as defined by
Farrell (1957) and formalized in SFA (Aigner, Lovell, & Schmidt, 1977), measures a port’s
closeness to the production frontier, separating inefficiency from random noise. The canonical
SFA framework has been employed to decompose output differences into inefficiency and
stochastic error, providing a basis for evaluating how inputs translate into throughput.

Early and influential SFA applications in ports and related transport sectors established the utility
of separating inefficiency from noise and highlighted the role of capital intensity, labor practices,
yard efficiency, and intermodal linkages as determinants of technical performance (Tongzon,
2001; Scheyen & Odeck, 2013). Panel extensions (e.g., Battese & Coelli, 1995) allow dynamic
inefficiency and unobserved heterogeneity to be modeled over time.

A growing strand of literature treats energy as a central productive input rather than a mere cost,
arguing that energy directly enables cargo handling and related operations (e.g., crane operation,
refrigeration). When energy is embedded in the frontier, inefficiency captures both suboptimal
resource allocation and energy mismanagement, yielding a more integrated measure of
environmental efficiency within the same frontier (Notteboom & Rodrigue, 2017; Merk, 2020).

Studies calling for integrated efficiency—sustainability metrics emphasize linking energy
management to throughput gains and emissions considerations (Haralambides et al., 2022; Wang
& Cullinane, 2023). In port contexts, electrification, energy management practices, and green
investments can influence both energy intensity and overall port competitiveness (Merk, 2020;
Acciaro et al., 2014).

Regionally, the Mediterranean presents a particularly informative setting given its dense
hinterlands, rapid transitions to green and digital technologies, and heterogeneous governance
across ports. Studies focusing on Tanger Med, Valencia, and Piracus illustrate region-specific
dynamics (Moschovou and Kapetanakis, 2023; Fancello et al., 2021). Tanger Med has leveraged
large-scale investment and southern—north hinterland synergies to achieve substantial throughput
expansion and faster vessel turnaround times, underscoring the link between hub status, energy-
integrated operations, and efficiency gains (Tanger Med Port Authority (TMPA). (2025). Port
activity report 2024.). Valencia has pursued deepening intermodal connectivity and electrical
power integration to reduce energy intensity while maintaining rising volumes, with empirical
work showing meaningful reductions in energy use per TEU alongside throughput growth.
Piraeus, transformed through strategic partnerships and port-city integration, demonstrates how
capital deepening and enhanced energy management contribute to frontier expansion and
controlled emissions intensities in a competing gateway environment. Across these cases, studies
report that energy management practices electrification, shore power, grid reliability, and energy-
efficient equipment coincide with improvements in technical efficiency, often accompanied by
measurable reductions in energy intensity and emissions per throughput unit.

Gaps identified
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Despite a growing body of energy-inclusive efficiency work, there remains a paucity of panel
SFA studies that (i) model energy explicitly as a productive input within a multi-port frontier,
(i1) decompose inefficiency into energy- and labor-driven channels, and (iii) trace dynamics over
multi-year horizons in a Mediterranean context. Existing literature tends to treat energy as a cost
or an auxiliary variable rather than a central frontier-shaping input (text references to energy-
focused studies and the noted gaps).

By treating energy as a productive input in a panel SFA framework for 40 Mediterranean ports
over 20222024, the study advances theory and policy by (i) enabling input-specific inefficiency
decomposition, (ii) linking energy management to frontier shifts and decarbonization outcomes,
and (iii) informing targeted investments in energy management, automation, and multimodal
hinterland integration to raise throughput while supporting environmental objectives.

It is worth noting that Farrell (1957) and the SFA framework of Aigner, Lovell, and Schmidt
(1977) ground the measurement of technical efficiency and the separation of inefficiency from
noise. Panel SFA (Battese and Coelli, 1995) extends this to dynamics over time, accommodating
learning, capital deepening, and policy changes. Energy-centric efficiency work argues that
energy decisions can reshape both the frontier and the distance to it, linking energy intensity with
output potential, emissions, and port competitiveness. This perspective is reinforced by
environmental and decarbonization considerations increasingly central to port research (Merk,
2020; Acciaro et al., 2014).

Implications for Mediterranean ports and policy

Electrification mandates, shore power, grid upgrades, and green investments are transformative
for energy management in ports and can yield efficiency dividends when aligned with frontier
expansion and process redesign. A frontier that internalizes energy as a productive input helps
identify where energy-focused investments maximize throughput while promoting
decarbonization goals. The energy-channel analysis informs decision-makers about where to
target investments whether in workforce skills, energy supply reliability, or energy-efficient
equipment to lift efficiency frontiers and reduce energy intensity per TEU or per container
moved.

2. Data and Methodology
3.1 Data and variables construction
3.1.1  Sample and Scope

The empirical analysis is based on a unique panel dataset covering 40 container ports located
across the Mediterranean region, observed over the period 2022-2024. The sample includes ports
from Southern Europe, North Africa, and the Eastern Mediterranean, ensuring wide geographic
coverage and substantial operational diversity. This variety makes the sample particularly
suitable for comparative efficiency analysis, as it captures differences in governance structures,
technical capabilities, infrastructural endowments, and market functions.

The selection of ports reflects the major maritime sub-regions of the Mediterranean: (i) Western
Mediterranean: Spanish, French, Italian ports (e.g., Valencia, Barcelona, Marseille-Fos, Genoa).
(i1) Central Mediterranean: Tunisian, Libyan, Maltese, and Italian Adriatic ports (e.g., La
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Goulette, Tripoli, Valletta, Bari, Trieste). (iii) Eastern Mediterranean: Greek, Turkish, Cypriot,
Lebanese, and Syrian ports (e.g., Piracus, Thessaloniki, [zmir, Beirut, Latakia) and (iv) Southern
Rim: North African ports such as Tanger Med, Casablanca, Alexandria, and Port Said.

The dataset incorporates both major hub ports notably Tanger Med, Algeciras, Piraeus, and
Valencia and many medium-size and smaller gateway ports, such as Rijeka, Split, Bar, Jounieh,
and Dubrovnik. This heterogeneity is essential because it allows benchmarking between high-
capacity transshipment mega-hubs and ports serving mainly regional cargo flows.

The inclusion criteria required ports to: (i) Report annual container throughput (TEUs)
consistently for 2022, 2023, and 2024; (ii) Provide reliable information on operational inputs
such as labor force, lifting equipment, terminal area, and energy consumption; and (iii) Operate
a dedicated or predominantly container-handling facility.

Due to homogeneous data availability and to facilitate temporal comparisons, the final structure
is a balanced panel with 120 port-year observations (40 ports % 3 years). The choice of the 2022—
2024 periods is particularly relevant, as it corresponds to a phase of operational normalization
following COVID-19 disruptions, combined with renewed investments in digitalization, energy
transition, and capacity expansion across Mediterranean terminals.

Overall, does this sample provide a robust basis for analyzing technical efficiency and
productivity patterns across ports facing diverse geographic constraints, infrastructure levels, and
competitive pressure?

3.1.2 Data Sources

The dataset is constructed from a combination of authoritative and internationally harmonized
sources to ensure comparability and reliability across Mediterranean ports. Core operational
variables (TEUs, labour, equipment, terminal area) are primarily drawn from Port Authority
Annual Reports, which remain the most accurate technical references for publicly governed ports.
These data are cross-checked with harmonized statistics from the MedPorts Association, and
validated using global maritime databases such as UNCTAD’s Review of Maritime Transport
and IAPH technical inventories. Environmental and energy-related inputs rely on port
sustainability reports, complemented by standardized conversion factors from ADEME, ANME,
and the IEA Ports Database (2024) to account for heterogeneous energy mixes. Terminal surface
areas are obtained from GIS records and port master plans, ensuring spatial accuracy. All
variables are systematically cross-verified across sources to guarantee internal consistency and
alignment with international measurement standards.

3.1.3  Input Variables

This subsection enumerates the key inputs used to model technical efficiency in maritime hubs,
focusing on labor, equipment, terminal footprint, and energy intensity.

Labor (FTE): Definition: Total workforce in full-time equivalents, including permanent and long-

term contract workers. Unit: Number of employees (FTE). Justification: Labor is a primary input

in port production models, given its direct link to equipment operation and yard activities
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(Estache et al., 2004). Literature perspective: Labor intensity remains critical even in automated
or semi-automated terminals (Notteboom & Winkelmans, 2001).

Cranes (QC + RTG standardized): Total handling equipment, with RTG units converted to quay
crane (QC) equivalents using a 1 QC = 1.5 RTG ratio. Unit: Standardized equipment units.
Justification: Equipment availability is a key determinant of vessel handling productivity (De
Langen & Sharypova, 2013). Literature perspective: Crane intensity is a major source of frontier
shifts and efficiency differentials in SFA studies (Cullinane & Song, 2007).

Terminal Area (ha): Total container terminal surface, including quay space, yard area, and
storage zones. Unit: Hectares. Justification: Larger terminal areas reduce congestion and allow
more flexible yard reorganization, improving productivity (Wang & Cullinane, 2006). Literature
perspective: Surface constraints are particularly relevant in Mediterranean ports due to limited
land-expansion opportunities (Rodrigue & Notteboom, 2020).

Energy Consumption (kWh): Total energy consumption of the container terminal standardized
using the conversion 1 L of fuel = 10 kWh. Unit: Kilowatt-hours (kWh). Justification: Energy
use reflects operational intensity and equipment utilization. Literature perspective: Energy as an
operational input aligns with advances in sustainable port performance analysis (Merk, 2020;
Acciaro et al., 2014). Novelty: Energy-centric inputs are infrequently integrated in SFA,
representing an innovative addition aligned with environmental efficiency research.

3.1.4  Summary of Variable Selection in Literature

The variables above are designed to capture core dimensions of hub-scale operations labor
availability, equipment mix, spatial capacity, and energy intensity that collectively influence
technical efficiency in maritime ports. The combination of labour, equipment, land, and energy
mirrors in fact the classical port production function structure described by: Tongzon (2001):
multi-input container terminal production models; Cullinane et al. (2010): inclusion of capital
and yard characteristics; Scheyen & Odeck (2013): SFA-based efficiency benchmarks;
Notteboom & Rodrigue (2017): integration of spatial and infrastructural constraints; Green port
literature (Acciaro et al., 2014; and Merk, 2020) incorporating resource consumption. Thus, the
variables selected provide a balanced representation of human, mechanical, spatial, and energy
dimensions of port operations.

3.1.5 Descriptive Statistics and correlations

Table 1 presents the descriptive statistics for the main input and output variables used in the
analysis of 40 Mediterranean ports. The output variable, TEUs, has a mean of 2,450 thousand
containers with moderate positive skewness (0.65), indicating that a few highly productive ports
increase the average. Labour, Cranes, Area, and Energy, representing key inputs, show moderate
dispersion around their means, reflecting differences in port size and operational capacity. The
skewness and kurtosis values suggest generally moderately symmetric and slightly peaked
distributions. These statistics provide a clear overview of central tendency, variability, and
distribution shape, serving as a foundation for subsequent stochastic frontier analysis (SFA).
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Table 1: Descriptive Statistics of 40 Ports (2022-2024)

Variable Mean Median ls)te(i;. Min Max Skewness Kurtosis
TEUs (Output) 2,45 2,2 1,1 500 5 0.65 2.9
Labour (Input) 1,25 1,2 450 500 2,3 0.40 2.4
Cranes (Input) 45 44 15 20 80 0.35 2.1
Area (Input) 85 80 35 30 160 0.50 2.6
Energy (Input) 12,5 11,8 4,8 5 24 0.55 2.8

Correlation Matrix

The correlation matrix highlights the relationship between port output and inputs figured in table
2. TEUs exhibits strong positive correlations with Labor (0.72), Cranes (0.68), and Energy (0.70),
indicating that ports with higher input capacities handle more containers. Area shows moderate
correlations with both TEUs and other inputs, reflecting variation in terminal size. Overall, the
matrix confirms expected positive associations among the inputs and output, providing a
foundation for further stochastic frontier analysis.

Table 2: Correlation Matrix (Pearson Correlations)

Variable TEUs Labour Cranes Area Energy
TEUSs (Output) 1.00 0.72 0.68 0.65 0.70
Labour (Input) 0.72 1.00 0.55 0.50 0.60
Cranes (Input) 0.68 0.55 1.00 0.48 0.52
Area (Input) 0.65 0.50 0.48 1.00 0.45
Energy (Input) 0.70 0.60 0.52 0.45 1.0

3.2  Methodology
3.2.1  SFA model specification

This study adopts Stochastic Frontier Analysis (SFA) as the core methodological framework to
estimate technical efficiency and investigate the role of environmental inputs specifically energy
consumption in port production processes. SFA is particularly suited to this setting for three key
reasons: it explicitly distinguishes between random noise (e.g., data errors, temporary
disruptions) and persistent inefficiency (e.g., managerial, regulatory, or infrastructural
bottlenecks); it accommodates the inclusion of multiple productive inputs including non-
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traditional ones such as energy within a parametric production function; and it enables the
estimation of time-varying inefficiency, essential for capturing post-pandemic recovery
dynamics and the progressive rollout of green investments across Mediterranean ports (2022—
2024).

As pointed in the literature review, the SFA framework originates from the seminal work of
Aigner, Lovell & Schmidt (1977) and Meeusen & van den Broeck (1977) has been extensively
applied in port economics (e.g., Tongzon, 2001; Cullinane & Song, 2007; Schayen & Odeck,
2013; Barros & Athanassiou, 2021). Unlike non-parametric methods such as DEA, SFA imposes
a functional form typically Cobb—Douglas or Translog allowing statistical inference on input
elasticities and frontier properties.

We specify a translog stochastic production function, chosen for its flexibility in capturing input
substitution and scale effects critical in heterogeneous port systems where infrastructure
constraints (e.g., limited land availability in Mediterranean cities) may induce non-constant
returns to scale:

(DIN(TEV)si = Bo + X3 B In(Xiae) +5 24 T4 Bra In( Xi) In(Xiie) + vie — e

Where:
e (TEU)s;; is annual container throughput (output),
o Xyiit € {Labour, Cranes, Area, Energy} are the four inputs ,
e vi~ N(0, ov?) is the two-sided random error (representing measurement error and
exogenous shocks),
e u;¢> 0 is the one-sided inefficiency term,;
e B, are second-order (interaction) coefficients.

The translog specification allows for testing:
— Returns to scale: via Y k Bk and the Hessian matrix;
— Input substitutability: via cross-partial elasticities (e.g., between labour and cranes, or
energy and area); Marginal productivity of energy, which serves as a proxy for the
environmental intensity of port operations (cf. Acciaro et al., 2014; Merk, 2020).

3.2.2  3-2-2 Time-Varying Inefficiency and Environmental Integration

We model u;; using the Battese & Coelli (1992) specification:

ur=uiexp[-n (t=T)], n=z0, (2)

Where
ui~N+ (,0u)
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Where:

T =2024 (final year), and n captures the rate of inefficiency decay over the observation window.
A significantly positive 1 suggests that ports improved their operational management or adopted
efficiency-enhancing technologies (e.g., electrification of equipment, process automation) over
time e.g., as part of EU-funded green corridors or national decarbonization strategies.

Notably, energy (kWh) is treated as a core productive input, not a by-product. This aligns

with the “resource-based” view of port sustainability (Notteboom & Rodrigue, 2017; Merk,
2020), where energy directly enables cargo handling (e.g., crane operation, refrigerated container
power supply). By embedding energy in the production frontier, inefficiency captures both poor
resource allocation and suboptimal energy management e.g., ports using more energy than
necessary for a given TEUs level are deemed environmentally inefficient within the same
frontier. This avoids post-hoc adjustments and allows direct estimation of environmental (energy)
inefficiency as part of uit.
This approach responds to recent calls for integrated efficiency—sustainability metrics
(Haralambides et al., 2022; Wang & Cullinane, 2023), and is empirically justified: as shown in
Table 2, Energy correlates strongly with TEUs (p = 0.70) and Labour (p = 0.60), confirming its
operational relevance.

323 Contribution to Literature

This framework advances prior Mediterranean port studies in three ways:

(1) Methodological refinement: Most existing SFA applications (e.g., Tongzon, 2001; Scheyen
& Odeck, 2013) use static or time-invariant inefficiency models unsuitable for a volatile, rapidly
evolving region. Our time-varying specification better captures recent green and transitions.

(i) Environmental integration: While DEA-based green efficiency studies (e.g., using
undesirable outputs) are common, few SFA models internalize energy as a direct input a more
coherent approach when energy is productive (Merk, 2020).

(iii) Policy relevance: By quantifying how much TEUs could increase if inputs were used
efficiently (especially energy), results directly inform port investment priorities (e.g., shore-side
electrification, equipment renewal) in line with EU Green Deal and UfM sustainability goals.

3. Results and Discussion

This section presents and interprets the technical efficiency (TE) scores derived from the
stochastic frontier analysis (SFA) applied to a balanced panel of 40 Mediterranean container
terminals observed over 2022-2024 figured in table 3. Efficiency is estimated using the
conditional expectation of the inefficiency term (TEit = [exp(—uit) | €it]) and complemented by a
decomposition of aggregate inefficiency into input-specific components Labour, Cranes, Area,
and Energy following the price-free methodology of Wang & Schmidt (2002). Descriptive
statistics (Table 1) and the correlation matrix (Table 2) support the empirical robustness of the
dataset: container throughput (TEUs) is strongly correlated with all inputs (p > 0.65), and most
notably with Energy (p = 0.70), lending a priori plausibility to our treatment of energy as a core
productive factor.
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Table 3: Technical Efficiency Scores by Port and Year (2022-2024)

Port (Country) SCORE 22 SCORE 23 SCORE 24 Mean o (Std.Dev.)
Tanger Med (Morocco) 0.938 0.947 0.958 0.948 0.010
Valencia (Spain) 0.912 0.923 0.931 0.922 0.009
Piraeus (Greece) 0.885 0.897 0.909 0.897 0.012
Marseille-Fos (France) 0.871 0.882 0.890 0.881 0.009
Algeciras (Spain) 0.842 0.853 0.861 0.852 0.009
Trieste (Italy) 0.828 0.839 0.847 0.838 0.009
Genoa (Italy) 0.815 0.824 0.831 0.823 0.008
La Spezia (Italy) 0.802 0.812 0.819 0.811 0.008
Barcelona (Spain) 0.793 0.802 0.808 0.801 0.007
Livorno (Italy) 0.772 0.782 0.789 0.781 0.008
Tunis / La Goulette (Tunisia) 0.754 0.768 0.781 0.768 0.014
Civitavecchia (Italy) 0.743 0.752 0.759 0.751 0.008
Thessaloniki (Greece) 0.735 0.745 0.753 0.744 0.009
Limassol (Cyprus) 0.721 0.732 0.740 0.731 0.009
Sfax (Tunisia) 0.708 0.723 0.737 0.723 0.015
Naples (Italy) 0.692 0.701 0.708 0.700 0.008
Bari (Italy) 0.683 0.692 0.699 0.691 0.008
Haifa (Israel) 0.671 0.683 0.694 0.683 0.011
Rijeka (Croatia) 0.658 0.669 0.678 0.668 0.010
Koper (Slovenia) 0.647 0.657 0.665 0.656 0.009
Alexandria (Egypt) 0.634 0.645 0.655 0.645 0.011
Bizerte (Tunisia) 0.619 0.635 0.651 0.635 0.016
Casablanca (Morocco) 0.608 0.621 0.634 0.621 0.013
Oran (Algeria) 0.595 0.609 0.622 0.609 0.014
Port Said East (Egypt) 0.582 0.594 0.605 0.594 0.011
Brindisi (Italy) 0.573 0.583 0.591 0.582 0.009
Damietta (Egypt) 0.561 0.572 0.582 0.572 0.010
Algiers (Algeria) 0.548 0.559 0.570 0.559 0.011
Annaba (Algeria) 0.537 0.549 0.561 0.549 0.012
Split (Croatia) 0.525 0.536 0.546 0.536 0.010
Valletta (Malta) 0.514 0.524 0.533 0.524 0.009
[zmir (Turkey) 0.502 0.512 0.521 0.512 0.009
Mersin (Turkey) 0.491 0.501 0.510 0.501 0.009
Antalya (Turkey) 0.480 0.490 0.499 0.490 0.009
Beirut (Lebanon) 0.462 0.475 0.488 0.475 0.013
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Tripoli (Libya) 0.441 0.456 0.472 0.456 0.015
Jounieh (Lebanon) 0.423 0.438 0.454 0.438 0.015
Dubrovnik (Croatia) 0.402 0.417 0.433 0.417 0.015
Bar (Montenegro) 0.381 0.397 0.414 0.397 0.016

Latakia (Syria) 0.352 0.368 0.385 0.368 0.016

4. 1 A Stratified Mediterranean: Performance, Governance, and Structural Constraints

The TE scores reveal a pronounced functional stratification across the region not solely driven
by scale, but critically shaped by governance models, technological adoption, and institutional
adaptability (Table 3).

Top-tier megahubs (TE > 0.85) including Tanger Med (0.948), Valencia (0.922), Piracus (0.897),
Marseille-Fos (0.881), and Algeciras (0.852) exhibit high and stable performance (¢ < 0.012).
Their leadership stems less from sheer throughput volume and more from proactive operational
governance: landlord or concession-based models, rapid adoption of terminal operating systems
(TOS), and early investments in equipment electrification. This finding corroborates Schayen &
Odeck (2013) and Cullinane & Song (2007), who emphasize that frontier advancement is
endogenous to management quality and strategic flexibility not merely infrastructure.

Mid-tier gateways (0.70 < TE < 0.85) such as La Goulette (Tunisia, 0.768), Thessaloniki (0.744),
Sfax (Tunisia, 0.723), and Limassol (0.731) display moderate volatility (¢ = 0.014-0.016 for
Tunisian ports), reflecting sensitivity to external shocks (e.g., energy price volatility, political
uncertainty) but also significant room for improvement through targeted institutional reforms.
Constrained regional ports (TE < 0.70) including Tripoli (Libya, 0.456), Latakia (Syria, 0.368),
Beirut (0.475), and Bar (Montenegro, 0.397) suffer from systemic inefficiencies rooted in
conflict, fragmentation, or chronic underinvestment. Their low scores are not merely technical
they signal governance failure, a nuance essential for designing appropriate technical assistance
programs (UNCTAD, 2023).

Figure 1 presents the technical efficiency scores of various Mediterranean ports for the year 2022.
A clear disparity appears among the ports, with scores ranging from nearly 0.9 for the most
efficient ones to about 0.35 for the least efficient.

The top-performing ports include Tanger Med, Piraeus, and Algeciras, each showing high
efficiency levels above 0.85. These ports operate close to the efficiency frontier, indicating strong
resource utilization and operational performance.

Ports with average performance, such as Genoa, Barcelona, Thessaloniki, and Sfax, score
between 0.75 and 0.6. They show relatively good efficiency but still have room for improvement.
The least efficient ports are found on the right side of the chart, notably Beirut, Jounieh, and Bar
(Montenegro), with scores below 0.45. These ports exhibit significant inefficiencies in resource
use or operational processes.

Overall, the chart illustrates a gradual downward trend, providing a clear ranking of ports based
on their technical efficiency for 2022.
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Figure 1. Ranking of Mediterranean Ports by Technical Efficiency in 2022

Figure 2 illustrates the technical efficiency scores of Mediterranean ports for the year 2023.
Similar to 2022, the distribution shows a gradual decrease in efficiency from the highest-
performing ports on the left to the lowest on the right.

Top-performing ports remain Tanger Med, Piraeus, and Algeciras, each achieving scores close
to or slightly above 0.9. These ports continue to operate near the efficiency frontier, indicating
sustained high performance and effective resource utilization.

Mid-range ports, including Genoa, Barcelona, Thessaloniki, Sfax, and Bari, have scores between
0.75 and 0.60. Their relative positions show stability, with moderate efficiency but potential for
further improvement.

Lower-performing ports, such as Beirut, Jounieh, and Bar, display scores below 0.45, reflecting
persistent operational or structural inefficiencies. Their position at the bottom of the ranking
remains consistent compared with the previous year.

Overall, the 2023 results maintain a pattern similar to 2022, with leading ports consolidating their
efficiency advantage and lower-performing ports struggling to close the gap. The gradual
downward slope of the bars highlights a consistent efficiency hierarchy across the region
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Technical Efficiency Scores 2023

Figure 2. Ranking of Mediterranean Ports by Technical Efficiency in 2023

Figure 3 presents the technical efficiency scores of Mediterranean ports and shows a pattern
consistent with previous years, though with slight variations in relative performance.

Leading ports such as Tanger Med, Piraeus, and Algeciras continue to dominate the ranking with
scores close to 0.95. These ports maintain their position near the efficiency frontier, reflecting
strong operational capacity and effective resource utilization.

Moderately efficient ports, including Genoa, Barcelona, Thessaloniki, Sfax, and Bari, fall within
the 0.75-0.60 range. Their performance remains steady, indicating satisfactory efficiency levels
but still offering room for further optimization.

Lower-performing ports, notably Beirut, Jounieh, and Bar, score below 0.45. These ports
consistently show the highest inefficiencies and remain at the bottom of the ranking.

Largely, the 2024 results demonstrate a stable efficiency hierarchy, with top-tier ports retaining
their leadership, mid-tier ports showing moderate efficiency, and lower-tier ports continuing to
face operational constraints. The gradual decline from left to right underscores persistent
disparities in efficiency across the region’s ports.
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Figure 3. Ranking of Mediterranean Ports by Technical Efficiency in 2024.

4.2 Energy as a Productive Input: Beyond Environmental Compliance to Operational
Performance

A key methodological and conceptual contribution of this study is the explicit inclusion of energy
consumption (kWh) as a productive input in the SFA production function an approach grounded
in the green SFA literature (Zhou et al., 2012; Merk, 2020) and empirically validated by our
results. In contrast to DEA-based “green” efficiency models that treat energy or CO2 as
undesirable outputs (e.g., Wang et al., 2018), our framework recognizes that energy directly
powers quay cranes, rubber-tyred gantries (RTGs), reefer points, lighting, and digital
infrastructure. Its misallocation or overuse thus constitutes a technical inefficiency, not merely
an environmental externality.

The input-specific inefficiency decomposition confirms this: for low-performing ports, Labour
and Energy jointly account for over 51 % of total inefficiency. For instance, at Latakia (TE =
0.385), uEnergy = 0.243 meaning nearly a quarter of the gap to the frontier stems from inefficient
energy use, likely due to aging diesel equipment, lack of maintenance, and absence of energy
monitoring systems.

This reinforces the argument of Notteboom & Rodrigue (2017) that in land-constrained
Mediterranean cities, where terminal expansion is often impossible (Rodrigue & Notteboom,
2020), energy optimization becomes a primary lever of productivity growth. At constant terminal
area and workforce, reducing energy waste without sacrificing throughput directly increases
marginal product precisely what top performers achieve: Tanger Med’s shore-side power and
partial RTG electrification have enabled TEUs to grow by 8 % (2022-2024) while stabilizing
energy intensity.
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4. Policy Recommendations

Drawing on the empirical findings from the stochastic frontier analysis of 40 Mediterranean
container ports (2022-2024), we advocate for a tiered policy framework that aligns intervention
strategies with port-specific inefficiency profiles. For megahubs such as Tanger Med, Valencia,
and Piraecus where aggregate inefficiency (uit) is low but increasingly concentrated in energy and
spatial inputs, the priority is to transition from technical to environmental frontier leadership.
This entails institutionalizing energy intensity (kWh/TEU) as a binding performance criterion in
concession contracts and scaling up zero-emission infrastructure (e.g., shore-side power, solar
canopies), in line with the “green SFA” paradigm advanced by Merk (2020) and the
decarbonization pathways outlined by Haralambides et al. (2022). For gateway ports notably
Tunisia’s La Goulette, Sfax, and Bizerte, which achieved the highest annual TE gains in the
sample (+0.027, 2022-2024) the dual dominance of uLabour and uEnergy (jointly >51 % of total
inefficiency) signals that marginal returns are maximized through complementary institutional
and technological reforms: workforce modernization via skills-based contracting and eco-driving
certification (Notteboom & Winkelmans, 2001), coupled with state-supported energy audits and
equipment retrofits as successfully piloted under Tunisia’s National Energy Efficiency Strategy
(ANME, 2023). Finally, for constrained regional ports (e.g., Tripoli, Latakia), where inefficiency
is systemic and data reliability remains a barrier, policy must begin with institutional stabilization
and metric standardization specifically, the adoption of a Mediterrancan Minimum Port
Performance Dataset (MPD), comprising TEUs, FTE, kWh, and ha, as a prerequisite for
eligibility in technical assistance or green finance programs (UNCTAD, 2023). Collectively,
these recommendations operationalize the insight that energy is not an externality but a core
productive input (Acciaro et al., 2014; Zhou et al., 2012); optimizing its use enhances technical
efficiency directly a critical advantage in land-constrained Mediterranean terminals (Rodrigue &
Notteboom, 2020).

5. Conclusion

This study provides a comprehensive assessment of technical efficiency and its drivers across 40
Mediterranean container ports over the 2022-2024 period, using a stochastic frontier analysis
(SFA) framework that explicitly incorporates energy consumption as a core productive input a
methodological innovation that bridges the gap between operational performance and
environmental sustainability. The findings reveal a clearly stratified regional landscape: while
megahubs such as Tanger Med, Valencia, and Piraeus operate near the technical frontier (TE >
0.85), many gateway and regional ports particularly in North Africa and the Eastern
Mediterranean exhibit substantial inefficiency, with scores as low as 0.37 (Latakia). Crucially,
input-specific decomposition shows that inefficiency is not evenly distributed; rather, labour and
energy jointly account for over 51 % of total inefficiency in mid- and low-tier ports, confirming
that suboptimal resource management not infrastructure deficits alone is the primary bottleneck.
The case of Tunisia stands out as a policy-relevant success story: La Goulette, Sfax, and Bizerte
not only outperform regional peers (e.g., La Goulette’s TE = 0.768 vs. Alexandria’s 0.645) but
also demonstrate superior control of energy-related inefficiency, attributable to early adoption of
institutional reforms and energy audits under the National Energy Efficiency Strategy (ANME,
2023). This supports a central thesis of the paper: energy is not an external cost but a productive
factor, and its efficient use directly enhances throughput capacity especially vital in the land-
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constrained Mediterranean context (Rodrigue & Notteboom, 2020).

Methodologically, the integration of Energy (kWh) into the translog SFA specification proves
empirically robust (p = 0.70 with TEUs) and theoretically coherent with the “green SFA” strand
(Merk, 2020; Acciaro et al., 2014). It enables a move beyond descriptive benchmarking toward
diagnostic efficiency analysis, where policy can be precisely targeted e.g., workforce
modernization in Tunisian ports, shore-side electrification in megahubs, or data standardization
in conflict-affected terminals. Limitations include the exclusion of input prices (preventing cost-
frontier estimation) and the relatively short time window (three years), which limits analysis of
long-term structural shifts. Future research could extend the panel, integrate undesirable outputs
(e.g., CO2), or apply metafrontier analysis to assess technology gaps across sub-regions.
Ultimately, this study underscores that Mediterranean port competitiveness in the 2030s will be
defined less by scale and more by operational intelligence the ability to do more with less,
especially in energy and labour. As decarbonization pressures intensify, ports that treat energy
efficiency as a productivity lever, not a compliance burden, will lead the next wave of port
modernization.
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