
Academic Editor: José A. Orosa

Received: 14 November 2024

Revised: 20 December 2024

Accepted: 21 December 2024

Published: 26 December 2024

Citation: Martínez Torres, M.F.; Ruiz

Aguilar, J.J.; Turias Domínguez, I.J.;

Cerbán Jiménez, M.d.M. A

Cost-Optimized Model for Dynamic

Port Hinterland Delineation: An

Application to the Spanish Port

System. Appl. Sci. 2025, 15, 96.

https://doi.org/10.3390/

app15010096

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Article

A Cost-Optimized Model for Dynamic Port Hinterland
Delineation: An Application to the Spanish Port System
Manuel Francisco Martínez Torres 1, Juan Jesús Ruiz Aguilar 2,* , Ignacio J. Turias Domínguez 3

and María del Mar Cerbán Jiménez 4

1 Department of Technology and Information Systems, Port Authority of Huelva, 21001 Huelva, Spain;
manuelf.martinez@puertohuelva.com

2 Department of Industrial and Civil Engineering, Algeciras School of Engineering and Technology (ASET),
University of Cádiz, 11202 Algeciras, Spain

3 Department of Computer Science Engineering, Algeciras School of Engineering and Technology (ASET),
University of Cádiz, 11202 Algeciras, Spain; ignacio.turias@uca.es

4 Faculty of Economic and Business Sciences, University of Cádiz, Av. Duque de Nájera s/n, 11002 Cádiz,
Spain; mariadelmar.cerban@uca.es

* Correspondence: juanjesus.ruiz@uca.es

Featured Application: The logistics cost optimization model proposed in this study
provides port authorities, logistics planners, and policymakers with a robust tool for
delineating and visualizing port economic hinterlands and a method to determine the
best economic route in logistics decisions.

Abstract: This study presents a methodology for determining port economic hinterlands
through comprehensive logistics optimization. The research advances traditional geograph-
ical approaches by developing an integrated cost model that considers maritime transport,
inland transportation, warehousing expenses, and time-dependent factors. Testing this
methodology on the Spanish port system (with three main ports: Valencia, Algeciras, and
Barcelona), we demonstrate how product characteristics and origins significantly influence
optimal port selection and hinterland boundaries. The analysis examines both perishable
goods, using bananas and oranges as case studies, and non-perishable cargo from Asian
and American origins. Results reveal distinct patterns of port influence depending on goods
type and origin. The study’s findings, visualized through innovative color-coded mapping,
provide valuable insights for port authorities and logistics planners in optimizing supply
chain decisions. Our approach contributes to port competition theory by establishing a
quantitative framework for dynamic hinterland delineation based on actual logistics costs
and operational factors.

Keywords: port hinterland; logistics cost optimization; supply chain management; port
competition; economic geography

1. Introduction
Port systems play a vital role in the global supply chain, serving as critical nodes

that connect maritime and inland transportation networks [1]. Recent studies indicate
that up to 40% of total maritime logistics costs are generated in hinterland operations,
highlighticong the crucial importance of optimizing these connections for overall supply
chain performance [2]. This cost distribution has led to increased focus on hinterland
efficiency as a key factor in port competitiveness.
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The evolution of global trade patterns and the increasing complexity of supply chains
have fundamentally transformed the nature of port competition [3]. While traditional
port competition focused primarily on maritime infrastructure and handling capacity,
contemporary ports compete largely through their ability to serve extensive inland territo-
ries efficiently. This shift has been particularly evident in the development of intermodal
transportation networks and inland logistics centers [4].

The optimization of hinterland connections has become a strategic priority for port
authorities and logistics operators, as it directly impacts their competitive position and
market share [5]. Recent technological advances and environmental considerations have
further complicated this optimization process, requiring ports to balance efficiency with sus-
tainability goals [6]. The increasing digitalization of logistics operations has also introduced
new opportunities and challenges in hinterland management.

In the contemporary port sector, competition dynamics are increasingly shaped by the
ability to effectively serve inland territories. The concept of port hinterland, traditionally
defined as the geographic area from which a port derives its business, has evolved be-
yond simple spatial boundaries into a complex, dynamic construct influenced by multiple
economic and operational factors.

The logistics chains linking ports with their hinterlands face mounting pressure to
reduce costs while maintaining operational efficiency. From the perspective of inter-port
competition, ports continuously strive to expand their geographical sphere of influence
and enhance their economic impact. This expansion, however, must operate within the
framework of operational efficiency aimed at reducing costs in commercial transactions for
transport companies and other supply chain stakeholders.

Given that the majority of global trade utilizes maritime transport, a port’s sphere of
influence can be practically defined as the region where it serves as the primary facilitator
for goods transportation. This influence area is largely shaped by transport companies’ de-
cisions, which are guided by operational policies prioritizing cost reduction. Consequently,
transportation costs emerge as a critical factor in determining optimal transport routes and,
by extension, in delineating port hinterlands.

This study addresses three key research gaps in current hinterland analysis: the need
for dynamic models that reflect modern supply chain complexity, limited integration of
comprehensive logistics costs in hinterland analysis, and insufficient consideration of
product-specific characteristics in port choice.

An analytical method for determining port hinterland through the optimization of a
comprehensive supply chain cost formula is proposed. This approach encompasses costs
associated with hinterland operations, foreland transportation, and time-related factors,
yielding differentiated hinterland delineations based on specific product characteristics
and goods origin.

The research culminates in a numerical experiment examining goods distribution in
Spain, focusing on two distinct product categories to understand how product-specific
attributes influence hinterland configurations. This targeted approach aligns with recent
literature emphasizing the need for goods-oriented analyses in port choice and hinter-
land studies.

2. Literature Review
This section presents a comprehensive review of the literature, structured around

five key themes that form the theoretical and methodological foundation of our research:
the evolution of hinterland conceptualization, logistics cost analysis and optimization,
infrastructure and transport networks, product and warehouse management, and the
emerging role of sustainability and digital technology in port logistics.
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2.1. Evolution and Conceptualization of Hinterland

The concept of port hinterland has undergone significant evolution since its initial for-
mulation by Chisholm in 1908 [7]. Early contributions from Sargent introduced commodity-
based hinterland differentiation [8], while Morgan established fundamental principles of
hinterland delimitation and hierarchy [9]. A paradigm shift emerged with Notteboom and
Rodrigue’s introduction of discontinuous hinterlands and port regionalization, moving
beyond traditional geographical determinism to recognize the dynamic nature of port
influence zones [10], which was later expanded through their work on foreland-based
regionalization and intermediate hub integration [2].

Recent decades have witnessed increased sophistication in hinterland analysis. Monios
and Wilmsmeier expanded the regionalization concept [4], while Guerrero demonstrated
containerization’s transformative impact on hinterland patterns [11]. Ng et al. bridged
port geography with human geography, establishing a more comprehensive analytical
framework [12]. Freire Seoane et al. contributed significant insights through their analysis of
European containership and cargo port forelands [13], while Haezendonck et al. developed
a governance perspective through their Port Hinterland Impact Matrix [14].

Subsequent research has expanded our understanding of port system dynamics and
hinterland measurement. Wilmsmeier et al. provided crucial insights into port system
evolution patterns in developing regions [15], while Moura et al. advanced the field by
introducing a quantitative methodology for precise hinterland boundary delimitation [16].
The field’s theoretical development culminated in Sdoukopoulos and Boile’s comprehensive
review, which synthesized over a century of hinterland research evolution [17].

Modern empirical studies have enriched our understanding of hinterland dynam-
ics. Garcia-Alonso et al. examined competition through accessibility metrics [5], while
Caballé Valls et al. identified key determinants in port choice decisions [18]. Bouchery et al.
developed a framework for identifying market areas in port-centric logistics [19], while
Ferrari et al. introduced methods for measuring hinterland accessibility quality [3]. These
contributions collectively demonstrate the transition from static geographical definitions
to dynamic, market-driven approaches that better reflect contemporary port competi-
tion realities.

In Table 1, the contribution of these authors is summarized schematically.

Table 1. References about Evolution and Conceptualization of Port Hinterland.

Author(s) Year Key Contribution

Chisholm [7] 1908 First established the concept of hinterland as a geographical area of
port influence

Sargent [8] 1938 Introduced the concept that hinterlands vary by commodity type

Morgan [9] 1948 Developed the first comprehensive framework for
hinterland hierarchy

Notteboom and Rodrigue [10] 2005 Introduced the concept of discontinuous hinterlands and
port regionalization

Rodrigue and Notteboom [2] 2010 Expanded hinterland on foreland-based regionalization and
intermediate hub integration

Ferrari et al. [3] 2011 Introduced methods for measuring hinterland accessibility quality

Monios and Wilmsmeier [4] 2012 Expanded port regionalization theory to include institutional aspects

Freire Seoane et al. [13] 2013 Investigated European containership and cargo port forelands
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Table 1. Cont.

Author(s) Year Key Contribution

Guerrero [11] 2014 Demonstrated empirical evidence of containerization’s spatial impact

Ng et al. [12] 2014 Bridged port geography with human geography perspectives

Wilmsmeier et al. [15] 2014 Analyzed port system evolution in developing regions

Haezendonck et al. [14] 2014 Developed a governance perspective through their Port Hinterland Impact
Matrix

Moura et al. [16] 2017 Developed a quantitative method for hinterland delimitation

Garcia-Alonso et al. [5] 2019 Created a framework for analyzing port competition through accessibility

Caballé Valls et al. [18] 2020 Empirically analyzed port choice determinants in Spain

Sdoukopoulos and Boile [17] 2020 Provided a comprehensive review of hinterland concept evolution

Bouchery et al. [19] 2020 Developed a framework for identifying market areas in port-centric logistics

2.2. Logistics Cost Analysis and Optimization

The economic analysis of port logistics builds upon Williamson’s foundational work
on transaction costs [20]. Balsmeier and Voisin introduced time-based strategies [21], while
Christopher and Gattorna established frameworks for cost management and value creation
in logistics chains [22]. This theoretical foundation has been enhanced through Ming-Jun
and Yan-Ling’s optimization framework for hub-and-spoke port logistics networks [23].

A significant advancement came with Zhang et al.’s comprehensive framework for
Total Transportation Cost (TTC) and Total Logistics Cost (TLC) [24]. This framework was
complemented by Pettersson and Segerstedt’s crucial distinction between logistics costs
and supply chain costs [25] and Li’s analytical method for multi-stage supply chains [26].
Coyle et al. further developed these concepts by integrating modern supply chain per-
spectives [27], Dehghanbaghi and Sajadieh proposed models for joint optimization of
production and transportation [28], and Talley and Ng introduced a behavioral exam-
ination approach to hinterland transport chains [29], providing new insights into cost
optimization through behavioral economics. The temporal dimension of logistics costs
gained prominence through Castillo-Manzano et al.’s work on time factors [30].

Recent research has focused on optimization under uncertainty and disruption. Ku-
mar et al. examined sourcing strategies under disruption risk [31], while Hosseini et al.
developed sophisticated models for disruption effects [32]. Fu and Yeh and Bhattacharya
et al. contributed optimization frameworks for integrated chains and multi-stage pricing,
respectively [33,34].

In Table 2, the contribution of these authors is summarized schematically.

Table 2. References about Logistics Cost Analysis and Optimization.

Author(s) Year Key Contribution

Williamson [20] 1979 Established transaction cost economics theory

Balsmeier and Voisin [21] 1996 Developed time-based supply chain strategy framework

Christopher and Gattorna [22] 2005 Created a comprehensive logistics cost management model

Ming-Jun and Yan-Ling [23] 2012 Developed an optimization framework for hub-and-spoke port
logistics networks

Pettersson and Segerstedt [25] 2013 Distinguished between logistics and supply chain costs
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Table 2. Cont.

Author(s) Year Key Contribution

Li [26] 2014 Developed analytical method for multi-stage supply chains

Zhang et al. [24] 2014 Created Total Transportation Cost framework

Castillo-Manzano et al. [30] 2015 Analyzed temporal cost factors in transport

Fu and Yeh [33] 2017 Developed integrated supply chain cost model

Dehghanbaghi and Sajadieh [28] 2017 Proposed models for joint optimization of production and transportation

Bhattacharya et al. [34] 2018 Created multi-stage price optimization model

Kumar et al. [31] 2018 Analyzed sourcing strategies under disruption

Talley and Ng [29] 2018 Introduced a behavioral examination approach to hinterland transport
chains

Hosseini et al. [32] 2020 Modeled ripple effects of supplier disruptions

Coyle et al. [27] 2021 Integrated modern supply chain perspectives

2.3. Infrastructure and Transport Networks

Transport infrastructure’s role in shaping hinterland development has been extensively
studied. Early work by Lu on port logistics centers established foundational concepts [35],
while Van den Berg and De Langen developed a hinterland strategy framework [36].
Subsequent research by Woodburn examined rail network enhancement impacts [37], while
Fraser and Notteboom [38] and Wang and Ducruet [39] analyzed transport corridors and
regional network balance, respectively. Liu et al. provided a comprehensive review of
logistics cluster development and its future implications [40], significantly advancing our
understanding of infrastructure networks.

Multimodal integration emerged as a key research focus. Caris et al. investigated
inland waterway integration [41], while Medal-Bartual et al. assessed port efficiency
impacts [42]. Strategic modeling advanced through Halim et al.’s work on distribution net-
works [43]. Recent contributions from Santos and Guedes Soares [44] and Acciaro et al. [45]
have enhanced the understanding of multi-port systems and contested hinterlands. Wieg-
mans et al. explored communication patterns between terminals and hinterland stakehold-
ers [46], while Davydenko developed comprehensive frameworks for freight transport
modeling [47].

In Table 3, the contribution of these authors is summarized schematically.

Table 3. References about Infrastructure and Transport Networks.

Author(s) Year Key Contribution

Lu [35] 2001 Foundational concepts on port logistics centers

Van Den Berg and De
Langen [36] 2011 Developed hinterland strategy framework

Woodburn [37] 2013 Analyzed rail network enhancement effects

Fraser and Notteboom [38] 2014 Evaluated strategic transport corridor impact

Wang and Ducruet [39] 2014 Developed transport network balance theory

Caris et al. [41] 2014 Created multimodal transport integration framework

Medal-Bartual et al. [42] 2015 Developed port efficiency assessment methodology

Davydenko [47] 2015 Developed comprehensive frameworks for freight
transport modeling

Halim et al. [43] 2016 Created a strategic distribution network model
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Table 3. Cont.

Author(s) Year Key Contribution

Santos and Guedes Soares [44] 2017 Analyzed multi-port system dynamics

Acciaro et al. [45] 2017 Studied contested hinterland phenomena

Wiegmans et al. [46] 2018 Explored communication patterns between terminals and
hinterland stakeholders

Liu et al. [40] 2022 Provided a comprehensive review of logistics cluster development

2.4. Time Impact and Storage Capacity Analysis

The management of time impact and storage capacity represents a critical dimension in
port logistics and hinterland operations. Foundational work by Muñoz-Delgado established
the classification framework for product lifetime categories and refrigeration requirements,
providing essential parameters for analyzing time-sensitive logistics chains [48]. This
framework was expanded by Cai et al.’s analysis of fresh-product supply chains [49] and
further developed by Salunkhe and Kadam, who provided detailed technical specifications
for perishable goods lifetime and value depreciation patterns, crucial for understanding
temporal impacts on product value [50].

Storage strategy evolution has been marked by increasing recognition of temporal
factors. Frazelle developed comprehensive frameworks integrating time-based storage
strategies with capacity optimization [51], while Los Santos advanced the integration of tem-
poral considerations in distribution logistics [52]. This theoretical foundation was enhanced
by Gu et al.’s systematic approach to warehouse performance evaluation, incorporating
temporal dimensions in capacity planning and optimization [53].

Recent developments have focused on sophisticated modeling approaches. Lambán
et al. introduced detailed methodologies for calculating time-sensitive storage costs [54],
while Richards expanded the analysis of temporal efficiency in warehouse operations [55].
Modern approaches, exemplified by Bahebshi and Almaktoom [56] and Singh et al. [57],
increasingly incorporate dynamic modeling for time-sensitive products and location op-
timization for storage facilities. The latest work by Min explores advanced solutions for
time-efficient storage management, reflecting the increasing sophistication of temporal
considerations in logistics operations [58].

In Table 4, the contribution of these authors is summarized schematically.

Table 4. References about Time Impact and Storage Capacity Analysis.

Author(s) Year Key Contribution

Muñoz-Delgado [48] 1985 Established product lifetime classification system

Salunkhe and Kadam [50] 1995 Created technical framework for perishable goods

Frazelle [51] 2002 Developed time-based storage strategies

Los Santos [52] 2006 Integrated time factors in distribution

Gu et al. [53] 2010 Created warehouse performance framework

Lambán et al. [54] 2013 Developed storage cost calculation methodology

Cai et al. [49] 2013 Analysis of fresh-product supply chains

Richards [55] 2014 Created efficiency analysis framework

Bahebshi and Almaktoom [56] 2017 Developed dynamic product modeling

Singh et al. [57] 2018 Created location optimization methodology

Min [58] 2023 Developed smart storage solutions framework
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2.5. Sustainability and Digital Technology

The integration of sustainability concerns and digital technologies represents the
newest frontier in hinterland research. Environmental considerations gained prominence
through Fahimnia et al.’s analysis of carbon pricing impacts [59] and Ellram and Golicic’s
work on sustainable transport practices [60]. This trend continued with Lam and Yap
examining port city sustainable development from a stakeholder perspective [6], while
Gonzalez-Aregall and Bergqvist examined port–hinterland sustainability relationships [61].

Digital transformation has emerged as a crucial factor in modern port operations.
Tseng et al.’s work on big data applications [62] and Bai et al.’s analysis of Industry
4.0 technologies demonstrate the increasing importance of digital solutions [63]. Recent
contributions from Ivanov and Dolgui on digital twins [64] and Liu and Ju on IoT and AI
applications highlight the rapid technological evolution in port logistics [65]. The latest
research by Roshid et al. [66] and Yap and Yang [67] examines technological integration
and network disruptions, respectively, pointing toward future developments in the field.

The integration of sustainability into logistics operations has evolved significantly.
De Oliveira et al. reviewed sustainable practices in industrial supply chains [68], while
Cludius et al. examined the impact of environmental cost regulations [69]. Building on
this, Geissdoerfer et al. established a framework for implementing circular economy princi-
ples in logistics networks [70]. Authors like Anilkumar E.N. and Sridharan R. [71] have
expanded on this framework, incorporating environmental costs and sustainability factors.

In Table 5, the contribution of these authors is summarized schematically.

Table 5. References about Sustainability and Digital Technology.

Author(s) Year Key Contribution

Fahimnia et al. [59] 2013 Analyzed carbon pricing impact on supply chains

Ellram and Golicic [60] 2015 Created sustainable transport practices framework

Jiang et al. [72] 2018 Developed sustainable hinterland framework

De Oliveira et al. [68] 2018 Reviewed sustainable industrial practices

Gonzalez-Aregall and
Bergqvist [61] 2019 Analyzed port-hinterland sustainability

Tseng et al. [62] 2019 Developed big data implementation framework

Lam and Yap [6] 2019 Examined port city sustainable development from a
stakeholder perspective

Anilkumar E.N. and
Sridharan R. [71] 2019 Incorporated environmental costs and sustainability factors

Bai et al. [63] 2020 Created Industry 4.0 integration model

Cludius et al. [69] 2020 Analyzed environmental cost implications

Geissdoerfer et al. [70] 2020 Developed circular economy framework

Ivanov and Dolgui [64] 2021 Created a digital twin implementation model

Liu and Ju [65] 2024 Developed IoT/AI integration framework

Roshid et al. [66] 2024 Created a technological integration model

Yap and Yang [67] 2024 Analyzed network disruption impacts
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3. Methodology
3.1. Initial Hypotheses for Hinterland Calculation

The proposed methodology for calculating port hinterland addresses the growing
need for economic optimization of the supply chain [1]. This approach reflects the evolu-
tion from static geographical perspectives to dynamic, economically-oriented hinterland
concepts [73].

This methodology adopts the perspective of cargo owners and logistics route decision-
makers rather than traditional transport company-centered approaches. This alignment
with current supply chain management trends emphasizes cost optimization as a critical
factor for business competitiveness [74].

The calculations focus on variables directly affecting cargo owners and logistics man-
agers, such as fuel costs, Emissions Trading Systems, and stevedoring costs, enabling more
accurate cost evaluation [75]. This framework provides a comprehensive representation of
factors influencing logistics decisions.

The methodology must adapt to evolving market conditions and technological inno-
vations. The growing importance of sustainability requires consideration of additional
factors, including carbon footprint costs and environmental regulations compliance [76].
Recent advances in data analytics and artificial intelligence offer opportunities for refining
cost optimization through machine learning algorithms [66].

Recent global disruptions, such as the Suez Canal events in 2021 and 2024, highlight
the need for hinterland models that optimize both cost and resilience. Incorporating
insights from viable supply chain network research could enhance future iterations of this
methodology [64].

3.2. Methodological Proposal

The proposed methodology for calculating port hinterland involves an optimization
exercise of logistics routes for each point on the map with respect to a specific logistics
chain. This approach can be formalized as follows:

H(p) =
⋃

(x,y)
H(p, a, o) · ρ(a,o), (1)

H(p, a, o) = min{TLC(x, y, p)} f or all(x, y) ∈ A, (2)

where

• H(p) represents the hinterland of port p;
• H(p, a, o) represents the hinterland of port p for a product a and from an origin o;
• ρ(a, o) represents the weight of the logistic chain of the product a from the origin o into

the total hinterland;
• TLC (p, x, y) is the Total Logistics Cost of point (x, y) by the port p;
• A is the set of all points in the area of study.

This formulation encapsulates the essence of the hinterland calculation as a minimiza-
tion problem across a geographical location, considering the total logistics cost as the key
optimization criterion.

Building upon the theoretical framework proposed by Zhang et al. [24], this study
adopts a modified approach to cost calculation. Specifically, the Inventory Holding Cost
(IHC) factor has been disaggregated into two distinct components: Warehouse Cost (WHC)
and Time Management Cost (TMC). This refinement allows for a more nuanced analysis of
the temporal and spatial aspects of inventory management within the logistics chain.
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Consequently, the Total Logistics Cost (TLC) can be expressed as (parameters are
omitted for simplicity):

TLC = TTC + WHC + TMC, (3)

where

• TLC = Total Logistics Cost;
• TTC = Total Transportation Cost;
• WHC = Warehouse Cost;
• TMC = Time Management Cost.

This decomposition of costs provides a comprehensive framework for analyzing the
economic factors that influence hinterland formation. By separating the costs associated
with physical storage (WHC) from those related to the temporal aspects of inventory
management (TMC), the model offers increased granularity in assessing the factors that
shape port hinterlands.

The following sections will elaborate on each of these cost components, providing
detailed explanations of their calculation methods and the underlying factors that influence
their values. This comprehensive approach aims to capture the multifaceted nature of
logistics costs in port hinterland analysis, offering a robust methodology for both theoretical
modeling and practical application in port management and logistics planning.

In Figure 1, each of the indicated terms is represented in a diagram. In this figure,
the blue line on the left indicates maritime transit, while the black lines represent land
transportation, either by road or rail.
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3.2.1. Total Transportation Cost (TTC)

The concept of Total Transport Cost (TTC) in international logistics has evolved sig-
nificantly since its initial formulation by Zhang et al. [24]. In the context of FOB (Free On
Board) Incoterms, TTC encompasses all transport-related expenses from the origin port to
the final destination point. This comprehensive cost metric includes ocean freight, port
management, customs procedures, documentation, and inland transportation, reflecting
the complex nature of global supply chains [1].

Subsequent studies by De Oliveira et al. [68] and Gong et al. [77] have expanded this
framework to include environmental costs and risk adjustments, respectively. Building
upon these advancements, we can delineate the components of TTC as follows:

1. Freight Cost (FC): Represents the ocean freightage, i.e., the cost of maritime transport
between origin and destination ports. Halim et al. highlight the impact of vessel size
and fuel prices on this component [43].
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2. Freight Service Costs (FSC): Encompasses ancillary costs associated with freight,
including insurance, bunker adjustment factor (BAF), and currency adjustment factor
(CAF). The volatility of these factors, particularly in light of geopolitical events and
environmental regulations, has been examined by Yap and Yang [67].

3. Port Management Cost (PMC): Covers expenses related to port operations, including
terminal handling charges, storage fees, and port taxes. Medal-Bartual et al. analyzed
the efficiency of port operations and its impact on these costs [42].

4. Border Management Cost (BMC): Includes costs associated with customs procedures
and inspections. The implementation of blockchain technology in customs processes
and its potential to reduce these costs has been explored by Rejeb et al. [78].

5. Port-to-Warehouse Transport Cost (PWTC): This represents the cost of inland trans-
portation from the destination port to an intermediate warehouse. The choice of
transport mode for this leg can significantly impact overall costs and has been the
subject of optimization studies [79].

6. Transport Distribution Cost (TDC): Covers the expenses for transporting goods from
the intermediate warehouse to the final destination. Recent research has focused on
last-mile delivery optimization in this context [65].

Incorporating these components, Total Transport Cost (TTC) can be expressed as:

TC = FC + FSC + PMC + BMC + PWTC + TDC. (4)

This formulation, while comprehensive, is increasingly being augmented to reflect
emerging concerns in global logistics. For instance, Cludius et al. [69] propose the inclusion
of a carbon cost component (CC) to account for emissions throughout the transport chain:

TTC = FC + FSC + PMC + BMC + PWTC + TDC + CC, (5)

where CC represents the monetary value of carbon emissions associated with the entire
transport process, typically calculated based on carbon pricing mechanisms or regulatory
compliance costs.

Digital technologies, particularly artificial intelligence and machine learning, are
transforming cost calculation and optimization methodologies, enabling real-time routing
adjustments and improved efficiency [66]. While the fundamental TTC structure remains
valid, future research must develop adaptive models that address modern supply chain
complexities, incorporating sustainability, technological advancement, and network re-
silience considerations.

3.2.2. Port-to-Warehouse Transport Cost (PWTC) and Transport Distribution Cost (TDC)

Port-to-Warehouse Cost (PWTC) and Transport Distribution Cost (TDC) represent
critical components in modern logistics, covering transportation from port to intermediate
warehouse and final delivery, respectively [1]. While traditionally dominated by road
and rail transport, these operations now incorporate diverse options, including inland
waterways and short-sea shipping, with mode selection influenced by environmental
factors, reliability, and cargo requirements beyond pure cost considerations [60,72].

The determination of PWTC and TDC values is predicated on identifying the most
cost-effective transport option or combination of modes. This optimization process can be
mathematically represented as follows:
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PTWC = min


σ·dPTCW (Road)

Trc + HCo + HCd (Train)
Any other medium or combination

, (6)

TDC = min


σ·dtdc (Road)

Trc + HCo + HCd (Train)
Any other medium or combination

, (7)

where

• σ represents the cost per kilometer (km) by truck (EUR/km);
• dPWTC is the minimum road distance (km) from the destination port to the intermedi-

ate warehouse;
• dtdc is the minimum road distance (km) from the intermediate warehouse to the

destination point;
• Trc denotes the cost of transportation by train to the nearest station for both endpoints

of the journey—that is, from the origin point to its nearest train station and from the
destination’s nearest train station to the final destination;

• HCo represents the haulage cost in the origin station;
• HCd represents the haulage cost in the destination station.

These equations, while foundational, have been subject to refinement in recent litera-
ture. For instance, Sales et al. propose an extended model that incorporates time-dependent
factors and congestion costs [75], reflecting the dynamic nature of urban logistics envi-
ronments. Similarly, Wang et al. introduce a stochastic element to these calculations,
accounting for the inherent uncertainties in transport times and costs, particularly in the
context of multimodal transportation [80].

The growing emphasis on sustainability in logistics has also led to the incorporation
of environmental costs into these calculations. The authors of [59] suggest an augmented
model that includes a carbon pricing component:

PTWC = min


(σ + εc)·dptwc (Road)

Trc + HCo + HCd + εr (Train)
Any other medium or combination

, (8)

TDC = min


(σ + εc)·dtdc (Road)

Trc + HCo + HCd + εr (Train)
Any other medium or combination

, (9)

where εc and εr represent the carbon emission costs for road and rail transport, respectively,
typically expressed in EUR/ton-km of CO2 equivalent.

Emerging technologies are transforming inland transport calculations, with au-
tonomous vehicles potentially restructuring costs [81] and predictive analytics enabling
dynamic optimization strategies [66]. While fundamental PWTC and TDC structures re-
main valid, future models must adapt to incorporate modern supply chain complexities,
including sustainability, technological advancement, and network resilience.

3.2.3. Warehouse Costs (WHC)

Warehouse Costs (WHC) represent a major logistics expenditure encompassing rent,
depreciation, overheads, staffing, insurance, and taxes [55], gaining prominence with
e-commerce growth [72]. Modern practices require strategic placement of intermediate
storage facilities for cargo consolidation, with companies often utilizing multiple locations
to optimize operational efficiency [53].
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The WHC calculation is based on warehouse size and geographical location, computed
as a location-specific unit value multiplied by square footage [57]. The required space is
determined by two key factors: goods type (volume) and service rotation time, being a direct
contribution of time in costs. This relationship can be formulated following methodologies
from Lambán et al. [54] and Los Santos [52], incorporating modern warehouse design
principles [51]:

WHC = λ·S, (10)

where λ represents the unit cost of the warehouse [52] and S denotes the surface area,
which can be determined by:

S = δ·CM·RT, (11)

where δ is the warehouse occupation density for any product, defined as square meters per
kg [54], CM is the daily consumption in kg of the product, and RT is the rotation time of
transport service (in days).

By combining Equations (10) and (11), a comprehensive expression for WHC is derived:

WHC = λ·δ·CM·RT. (12)

This formulation provides a practical means of calculating WHC for various scenarios
in logistics planning and optimization.

Recent technological advances, particularly robotics and artificial intelligence, are
reshaping WHC calculations through improved space utilization and operational effi-
ciency [82]. Sustainability considerations are also transforming WHC models, incorporating
energy efficiency, waste management, and carbon footprint metrics [58]. As warehouse oper-
ations evolve, future research must develop adaptive WHC models that integrate these tech-
nological and environmental factors while addressing modern supply chain complexities.

3.2.4. Time Management Cost (TMC)

The final component of Total Logistics Cost (TLC) relates to time value in logistics
operations. This temporal dimension encompasses three distinct elements.

The first element concerns transit time. Increased transit duration represents a cost that
can be quantified as cargo value depreciation. This is particularly relevant for perishable
goods, where time directly impacts product value.

The second element addresses just-in-time delivery scheduling rather than transit
duration. Transit time itself does not generate costs if cargo maintains value, making any
duration acceptable within schedule parameters. This factor minimally impacts route and
hinterland selection, except for potential risk-related disruptions.

The third element relates to route frequency, which was considered in Ware-
house Costs.

Delivery speed only represents a cost factor when cargo value depreciates or ware-
houses risk stock-outs. A University of Cadiz study at Port of Algeciras demonstrated
this concept, where non-perishable containers averaged 6.5-day departure times as cargo
owners strategically used the terminal’s grace period for temporary storage, reducing
warehouse space requirements [83].

Focusing on the first component related to transit time and cargo value depreciation,
we can formulate the time management costs in logistics operations. Building upon
the foundational work of Zhang et al. [24] and incorporating studies in time-sensitive
logistics [21], TMC can be expressed as:

TMC = VAL·µ·τ, (13)
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where

• VAL represents the cargo value;
• τ denotes the transit time;
• µ is the adjusted loss factor of cargo value.

This formula, while generally applicable, requires modification when analyzing
perishable merchandise. Recent studies have highlighted the increasing importance of
time-sensitive logistics, particularly in the context of e-commerce and fresh food supply
chains [84]. For perishable goods, the TMC can be more accurately represented as:

TMC = VAL·µ· τ

LFT
· 365

LFT
, (14)

where LFT refers to the life span of the analyzed product.
This approach reflects contemporary research on perishable goods logistics, acknowl-

edging product-specific depreciation rates [56] and extending beyond food to include
time-sensitive items like fashion and electronics [85]. Advanced analytics and machine
learning now enable more precise product-specific depreciation predictions and dynamic
TMC calculations [86], enhancing logistics cost optimization models.

3.2.5. Comprehensive Cost Function

Integrating all the components discussed, including the refined TMC calculation,
yields a comprehensive cost function that can be optimized:

TLC = FC + FSC + PMC + BMC + PWTC + TDC + WHC + TMC. (15)

This integrated approach combines spatial and temporal aspects in logistics cost
optimization, aligning with contemporary supply chain management trends [64]. Re-
cent research extends this framework by incorporating sustainability metrics, particularly
carbon emission costs [87], anticipating future environmental cost integration in global
logistics calculations.

Digital twin technologies enable dynamic cost optimization through real-time logistics
strategy adjustments [64]. This comprehensive cost function, incorporating nuanced time-
related costs and perishability considerations, advances logistics cost modeling by provid-
ing more accurate tools for contemporary global market planning and hinterland analysis.

3.3. Calculation Methodology

The determination of port hinterland boundaries requires a systematic five-step calcu-
lation process. This methodology must be applied individually for each product–origin
combination, as these factors significantly influence the final hinterland configuration.

In Figure 2, the proposed methodological model is represented, calculating each of the
costs for each of the possible options. The route with the lowest total cost is represented in
green, which is what assigns that route (product, origin) to the selected port’s hinterland.
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Figure 2. Diagram representing the proposed methodological process. Source: Own elaboration.

3.3.1. Step 1: Maritime and Port Costs Integration

The initial phase encompasses the calculation of ocean freight costs (FC) and port
management costs (FSC, PMC, BMC) for all feasible routes between the origin port and
each destination port under consideration. This analysis incorporates both economic and
temporal dimensions, establishing a comprehensive cost–time framework. These calcula-
tions provide the foundation for subsequent analyses and constitute essential components
of the Total Transport Cost (TTC).

3.3.2. Step 2: Port to Warehouse Routes

Following the maritime component analysis, the methodology addresses all possible
routes connecting ports to potential warehouse locations. Transportation options include
both exclusive road transport and multimodal combinations of road and rail transport,
utilizing the network specifications and cost parameters detailed in Table 6. The exhaustive
computation of all viable combinations yields the Port-to-Warehouse Transport Cost (PWTC)
component of the proposed formula.

Table 6. Cost of railway transport from origin (rows) to destination (columns). Value in euros (EUR),
including handling operations at the stations. Source: RENFE public offer.

Origin Station
Destination Station

San Roque
(Algeciras)

Silla
(Valencia) Barcelona Vigo Bilbao Madrid Zaragoza

A Coruña S.D. 813.57 704.47 850.20 - - 417.15 597.42
Bilbao Mercancías 703.49 478.06 516.00 - - 355.46 301.00
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Table 6. Cont.

Origin Station
Destination Station

San Roque
(Algeciras)

Silla
(Valencia) Barcelona Vigo Bilbao Madrid Zaragoza

Córdoba—El Higuerón - 434.61 631.06 - 647.62 303.91 484.78
León 669.60 512.52 674.97 - - 254.06 352.89
Lugo - - - - - 334.96 -
Madrid—Abroñigal 453.99 381.41 489.56 459.65 491.75 301.07
Murcia - - - - 742.87 254.06 -
San Roque - 634.95 806.87 - 966.51 443.04 615.56
Sevilla—La Negrilla - 602.62 707.86 649.42 750.70 389.34 561.58
Silla 537.12 - - 612.98 515.88 331.41 -
Tarragona 713.90 - - 630.18 540.64 336.74 -
Zaragoza 576.74 - 331.46 507.07 404.43 269.50 125.00
Barcelona 727.51 - 0 669.26 581.17 352.70 281.46
Vigo - 671.81 806.40 0 - 399.22 552.87

3.3.3. Step 3: Inland Distribution Routes

The third phase evaluates all possible routes connecting each potential warehouse
location to the point of analysis (x, y). As in Step 2, the analysis encompasses both uni-
modal road transport and multimodal road–rail combinations, following the parameters
established in Table 6. This analysis determines the Transport Distribution Cost (TDC).

For both Steps 2 and 3, the methodology incorporates comprehensive cost–time calcu-
lations, including essential operational considerations such as minimum drayage pricing,
dual driver requirements for extended routes, and mandatory rest periods in road trans-
port operations.

3.3.4. Step 4: Time Value Integration

The time value component incorporates two distinct elements:

1. Cargo depreciation assessment, quantified as Time Management Cost (TMC), calcu-
lated by aggregating the temporal components identified in the preceding three steps.

2. Service rotation requirements, expressed as Warehouse Cost (WHC), reflecting the
storage capacity necessary to maintain continuous customer supply.

3.3.5. Step 5: Optimal Route Selection

The final phase involves computing the Total Logistics Cost (TLC) for all possible route
combinations and identifying the minimum cost solution. This optimization determines
the optimal routing configuration from origin to destination through specific port and
warehouse facilities. The resulting allocation of point (x, y) to a particular port’s hinterland,
for origin o and product p, contributes to the construction of the comprehensive hinterland
vector for each product–origin combination.

3.4. Hinterland Vector

Following the proposed model, the calculation of the hinterland from the perspective
of logistics chain cost can be accomplished through a three-step problem-solving process.

Step 1: Resolve the calculation of the minimum logistics chain cost for a product (p)
and an origin (o) to a specific point (x, y) in the calculation area. By performing this process
for any product and any origin, it is possible to obtain a two-dimensional matrix as follows:

H(x, y)|(p1,o1)
· · · H(x, y)|(p1,on)

...
. . .

...
H(x, y)|(pn ,o1)

· · · H(x, y)|(pn ,on)

, (16)
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where H(x, y)|(pn ,on)
is the hinterland value in the point (x, y) of the product i and the

origin i. The value of H(x, y)|(pn ,on)
represents the port where the logistics chain is most

economically efficient for this point, product, and origin.
Step 2: A weight matrix can be constructed by assessing total import and export data

for a given area, along with their respective origins, to determine the significance of each
product and origin within the area’s overall traffic. These weights may be calculated from
two distinct perspectives: economic (based on import and export value) and volumetric
(based on import and export tonnage). Given that volume is the standard metric in logistics
for port throughput, this study selects the volumetric approach as the preferred measure.

Thus, the volume matrix should be:
ρ(p1, o1) · · · ρ(p1, on)

...
. . .

...
ρ(pn, o1) · · · ρ(pn, on)

, (17)

where ρ is the height matrix for the area and ρ(pi,oi) is the height matrix for the product i
and origin i, calculated as:

ρ(pi.oi) =
∑ ω(pi, oi)

∑ ω
, (18)

where

• ∑ ω(pi, oi) is the sum of all the traffic in this area for the product i and the origin i;
• ∑ ω is the total traffic moved in this area.

It should be noted that this matrix remains constant for any point in the calcula-
tion area.

Step 3: Once both matrices are obtained, the calculation of the hinterland for a point
can be computed as a normal n-dimensional vector as follows:

(x, y) =

 ∑
H(pi,oi)=Port1

ρ(pi.oi), ∑
H(pi,oi)=Port 2

ρ(pi.oi), . . . , ∑
H(pi,oi)=Port n

ρ(pi.oi),

, (19)

where each position of this vector indicates the weight of the hinterland of port n at this
point (x, y) in the area.

4. Experimental Design and Results
4.1. Calculating the H(x, y)|(pn ,on)

To illustrate the application of this hinterland model, an example is presented for
Spain, calculating the hinterland for all population areas with more than 1000 inhabitants.
For this analysis, the three main ports in Spain concerning container traffic were selected:
Valencia, Algeciras, and Barcelona [88].

To facilitate visual representation, the hinterland of Valencia is assigned the red color,
Algeciras blue, and Barcelona green. The vector obtained of mixed hinterland influence is
represented using an RGB color scheme, with the intensity of each color proportional to the
influence of the respective port.

As an example, select products and origins were chosen to calculate H(x, y)|(pn ,on)
.

4.1.1. Products Selected for the Exemplification

Based on Spanish Ministry of Agriculture consumption data [89], two perishable goods
were selected for analysis, alongside one non-perishable product. Following Salunkhe and
Kadam’s [50] and Muñoz-Delgado’s [48] classification system of product lifetimes (highly
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perishable: 0–4 weeks, perishable: 4–8 weeks, semi-perishable: 8–12 weeks, non-perishable:
>12 weeks), bananas (highly perishable) and oranges (semi-perishable) were chosen to
represent distinct perishability categories (see Table 7)

Table 7. Consumption of Perishable Goods in Spain 2023 with lifetime and classification. Source:
Spanish Ministry of Agriculture.

Product Volume (Tons) Medium Lifetime (Weeks) Classification

Bananas 1,052,861.47 1 to 3 Very Perishable
Oranges 745,875.81 8 to 12 Semi-Perishable
Apples 694,893.13 8 to 30 Non-Perishable

Kiwi 432,556.69 8 to 14 Semi-Perishable
Melon 411,952.76 8 to 12 Very Perishable

For the selection of origins in this exemplar study, data from the foreign trade database
for the year 2023 were analyzed [90]. This analysis revealed that the primary origin for
oranges is South Africa, while the main source for bananas is Ecuador.

4.1.2. Reference Ports

To determine the valuation in the experimental design, the most representative ports
from the countries of origin for the selected products (bananas and oranges) have been
identified. According to traffic statistics [91], ports with the highest volume of goods in the
primary countries for the chosen products were selected. For Pacific countries lacking direct
routes to Spain, indirect connections via the Panama Canal were considered, establishing
the principal Panamanian port as the reference port for this transport.

Specifically, Durban was selected as the primary port for South African orange traffic,
while the port of Manzanillo, on the Atlantic side of the Panama Canal, was designated
as the reference port for Ecuadorian bananas. For the non-perishable good, selection was
based on the main ports of the two countries with the highest container traffic with Spain,
Shanghai (China) and New York (United States).

4.1.3. Data Description

For the calculation of time-related costs, it is essential to determine the value of the
cargo. This value is derived from the retail prices of foodstuffs in the Mercas network [92].
From this source, it was possible to obtain the average sales prices of the selected products
for the year 2022. The data indicate that bananas were valued at EUR 1.10 per kilogram,
while oranges were priced at EUR 1.15 per kilogram.

4.1.4. Details of Costs of the Different Items

Here the data collection of costs of the terms indicated in the section of methodology
to each product and origin selected is described.

• Freight Costs

Freight costs were obtained from commercial services, encompassing port manage-
ment, border management, fuel costs, and freight taxes. These costs represent the total
amount paid by the importer for goods delivered outside the destination port. Based on the
acquired rates, transportation from the ports of origin (South Africa and South America) to
the principal ports of the Iberian Peninsula yielded the tariffs presented in Table 8.



Appl. Sci. 2025, 15, 96 18 of 31

Table 8. Price, Duration, and Rotation of 40 feet reefer freights from selected ports to reference ports.
Source: Personal compilation from commercial data.

Origin Concept Algeciras Valencia Barcelona

Durban Price (EUR) 1290.91 1748.18 1748.18
Duration (d) 33 47 38

Manzanillo Price (EUR) 3824.85 3503.64 3503.64
Duration (d) 11 19 20

Shanghai Price (EUR) 4453.37 3824.85 3825.85
Duration (d) 35 38 43

New York Price (EUR) 1679.57 1852.77 1878.97
Duration (d) 17 19 22

These rates encompass a comprehensive set of logistics costs, including freight, cus-
toms and border management fees, destiny port handling charges, fuel surcharges, and
applicable freight taxes. This inclusive pricing structure indicates that the container is avail-
able for truck collection immediately upon completion of customs clearance procedures at
the destination port.

• Road Transport Cost

This is calculated using the reference data published by the Spanish Ministry of
Transport: 1.53 EUR/km [93].

• Train Transport

This is the cost of transit by train from the nearest station to a city where the hinterland
is calculated from the closest station of the port.

The public offer of RENFE (Spanish public and main train operator) has not been
published since 2012, but it was used for this example because, as published by the Spanish
Ministry of Transport, the revenue per ton is similar [94]. Table 6 displays RENFE’s
public rates for multi-client and multi-product rail transportation from origin stations
(rows) to destination stations (columns). These rates include cargo handling operations at
the stations.

• Haulage Costs

The haulage costs were determined by identifying the minimum rate at which truck
operators offer services for very short-distance transport. This value was derived from
commercial offers and established at EUR 50. This value represents the baseline cost for
minimal-distance haulage operations.

4.1.5. TMC (Time Management Cost)

The value of time can be quantified as the depreciation rate for each product. Following
Salunkhe and Kadam, bananas have a life span of 3 weeks, with an initial 3-week period
without value loss due to the fruit’s ability to mature post-harvest [50]. Consequently, for
bananas, the value of Time Management Cost (TMC) is expressed in Equation (19).

TMC =


0 i f t (days) ≤ 21 days

VAL·(LT−21)
21 i f t (days) > 21 days

. (20)

Conversely, oranges have a total lifetime of 12 weeks but begin losing value immedi-
ately post-harvest. Thus, the TMC value for oranges is represented by Equation (20).

TMC = VAL·LT/84. (21)
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In these equations, LT denotes the transit time, which is calculated as the sum of mar-
itime transit time and terrestrial transit time. The latter encompasses road transportation,
railway transportation (where applicable), border management procedures, and inspec-
tion time.

4.2. Results: Representing the H(x, y)|(pn ,on)

Figures 3 and 4 present a spatial representation of the optimal port selection for each
point in Spain based on the logistics chain optimization for the products. This visualization
serves as an approximation of the hinterland for any given product and origin.
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New York origin. Point is any city studied. Color shows the port influence: Valencia (red), Barcelona
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4.2.1. Methodology of Analysis

The implementation of the theoretical framework previously described required a
comprehensive analytical approach that combined multiple data sources and processing
techniques. The research analyzed mainland Spanish municipalities with over 1000 inhabi-
tants, comprising 3487 population centers. The threshold was chosen to balance commercial
representation and computational efficiency. The Canary and Balearic Islands were ex-
cluded due to their distinct maritime and logistical characteristics, requiring separate study.
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The geographical framework was established using a precise coordinate system, with
each location mapped through its latitude and longitude coordinates. This spatial reference
system was essential for accurate distance calculations and proper visualization of results.

The research developed a multidimensional matrix-based calculation system for Total
Logistics Cost (TLC), focusing on detailed transportation cost analysis. The system used
interconnected matrices to compute maritime route freight costs, incorporating current
market rates, bunker adjustments, terminal handling charges, and customs management
fees for each origin and destination port.

A sophisticated decision tree structure evaluated inland transportation options, com-
paring direct road transport with combined road–rail alternatives. The system explored
multiple transport modes, transfer points, and storage locations to identify the most
cost-effective routing. For instance, when analyzing transport from Valencia to inland des-
tinations, the method assessed direct road transport, rail transport with local distribution,
and their combinations, ultimately selecting the most economical option.

The research integrated Warehouse Costs (WHC) using a specialized matrix structure
that captured regional storage cost variations. The calculation dynamically assessed storage
areas based on product characteristics, consumption patterns, and service rotation times,
incorporating location-specific factors like real estate values and handling capabilities. This
approach enabled efficient, flexible storage cost computation across different locations,
accounting for seasonal and product-specific variations.

The Time Management Cost (TMC) calculation used a specialized matrix to track
goods’ temporal value degradation. For perishable products like bananas, a non-linear
depreciation model captured initial stability and subsequent rapid value loss. Orange
shipments employed a linear depreciation approach starting from harvest. This temporal
cost structure was critical in evaluating routing options, particularly when balancing speed
against economic efficiency.

The decision tree methodology effectively evaluated complex routing scenarios by
treating each node as a decision point with multiple options for mode, route, and storage.
The system calculated the cumulative cost impact of each choice, considering direct trans-
portation and indirect temporal costs. This approach enabled identifying globally optimal
solutions beyond local cost minimizations.

The complexity of the model reflects the reality of the logistics chain, where any factor
within it can determine the decision to change routes. Using simpler models may overlook
factors that can be decisive in reality. An example of such factors is ignoring the value of
time, which is key for non-perishable goods, or the value of customs inspections, which is
crucial for goods with complicated inspections, such as fruits from certain countries.

The validation process employed a multi-tiered approach to ensure result accuracy.
Individual cost components were validated against current market rates and published
tariffs. Complete logistics chains were cross-referenced with actual shipment data provided
by logistics operators.

For visualization purposes, the system employed an RGB color model where each
primary color represented a specific port’s influence: Valencia (red), Barcelona (green), and
Algeciras (blue). The intensity of each color component was calculated proportionally to
the port’s influence percentage at each location. This approach created an intuitive visual
representation of port influence areas, with mixed colors naturally emerging in regions
where multiple ports competed for cargo.

The final statistical processing integrated actual trade volumes for the four selected
routes using weights derived from the Spanish Tax Agency’s foreign trade database. This
weighting system ensured that the model’s outputs reflected the real-world importance of
different trade flows in the Spanish logistics network.
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4.2.2. Geographic Distribution of Port Influence

The port hinterland analysis revealed distinct cargo distribution patterns influenced
by port location and cargo type. Algeciras showed a dominant impact in southwestern
Spain, extending into central regions, particularly for time-sensitive goods from Manzanillo.
Valencia’s influence concentrated along the eastern Mediterranean coast, creating a robust
transportation corridor.

Analyzing cargo flows from Durban, particularly citrus imports, reveals a striking and
decisive dominance of the Port of Algeciras across the entire Spanish peninsula, as clearly
illustrated in Figure 3. This comprehensive influence pattern represents an exceptional case
where a single port demonstrates an overwhelming economic advantage for serving the
entire national territory. The dominance of Algeciras can be attributed to several key factors.

• The significantly shorter maritime route from Durban to Algeciras (33 days) compared
to Valencia (47 days) or Barcelona (38 days), which substantially reduces shipping
costs and transit times.

• The lower total freight costs from Durban to Algeciras (1290.91 EUR) compared to
Valencia or Barcelona (both 1748.18 EUR), representing a significant cost advantage of
approximately 26%.

• The time-sensitive nature of citrus products, where the shorter maritime transit
time through Algeciras provides crucial advantages in maintaining product qual-
ity and value.

This pattern is particularly noteworthy as it challenges traditional assumptions about
hinterland formation, where ports typically show stronger influence in their immediate
geographical vicinity with gradually diminishing impact over distance. Instead, we ob-
serve how the substantial advantages in maritime costs and transit times can completely
overcome potential benefits that other ports might have in inland transportation distances
or infrastructure.

Even in regions geographically closer to Valencia or Barcelona, such as Catalonia or
the Mediterranean coast, the combined economic advantages of routing through Algeciras—
primarily driven by maritime cost savings and shorter ocean transit times—outweigh
the additional inland transportation costs that might be incurred. This result provides
a clear empirical demonstration of how maritime logistics costs can be the determining
factor in port selection when they represent a substantial portion of the total logistics costs,
particularly for specific origin–product combinations where time and direct transportation
costs are critical factors.

For non-perishable goods, the analysis reveals markedly different distribution patterns.
Cargo originating from Shanghai shows a more balanced distribution of port influence
across the Spanish territory. Valencia’s hinterland extends further westward than observed
with perishable goods, benefiting from its robust inland transportation networks and com-
petitive pricing for standard containerized cargo. Barcelona maintains significant influence
in northeastern Spain, where its strategic location and efficient intermodal connections
provide competitive advantages for Asian imports.

As depicted in Figure 4, the New York trade route reveals distinct hinterland patterns,
with Atlantic-facing ports showing stronger performance and significant overlap in central
Spain. The visualization of cargo from Shanghai demonstrates a more balanced port
influence distribution across Spanish territory. By comparing the upper and lower maps,
the distinct patterns emerging from Asian and North American trade routes become
evident, with Valencia’s hinterland extending further westward than observed in perishable
goods routes.

An interesting finding emerges in the analysis of the Coruña region, as shown in
the second image. This unexpected result stems from the fact that rail transportation
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from Algeciras compensates for Valencia’s geographical proximity advantage. The total
logistics cost through the Port of Algeciras, utilizing rail transport to Coruña, proves
more economically efficient despite the greater geographical distance, demonstrating how
multimodal transportation options can override simple distance-based assumptions in port
choice decisions.

4.2.3. Regional Competition Analysis

In the Central Plateau region, particularly Madrid, inter-port competition demon-
strates dynamic economic efficiency, with competitive advantages fluctuating according to
cargo types and seasonal variations.

In the Mediterranean Corridor, Valencia and Barcelona’s port competition is char-
acterized by dynamic boundaries defined by transport costs, service offerings, and in-
frastructure capabilities, with rail connectivity significantly influencing their respective
economic influences.

In the southern region, while Algeciras maintains overall dominance, interesting com-
petitive dynamics emerge with Valencia for specific cargo types and origins. The analysis
shows that product characteristics strongly influence port selection in this region, with time-
sensitive goods following distinctly different patterns from standard containerized cargo.

4.2.4. Integrated Hinterland Analysis

A comprehensive hinterland analysis was developed by statistically combining the
individual hinterland patterns of the four selected routes, weighted according to their
respective trade volumes [90]. This integration provided a more nuanced understanding of
overall port influence, accounting for both perishable goods from Manzanillo (bananas)
and Durban (oranges), as well as non-perishable cargo flows from Shanghai and New York.
The weighted calculations reflect the relative importance of each trade route in Spain’s
maritime commerce, as detailed in Table 9.

Table 9. Weights and % influence for each product and origin (only for 4 selected). Source: Own
elaboration from AEAT data.

Product—Origin Weight (Tn) %

Orange—Durban 15,544.95 0.89
Banana—Manzanillo 14,001.24 0.004
Non-Perishable—Shanghai 2,586,956.7 0.005
Non-Perishable—New York 263,887.78 0.09

Port influence across Spain reveals complex competitive dynamics, with Valencia dom-
inating central–eastern regions, Barcelona commanding Catalonia and northern territories,
and Algeciras controlling southern Spain.

The central region, especially Madrid, demonstrates sophisticated overlapping port
influences, highlighting the strategic flexibility of modern supply chains. Major cities
exhibit nuanced port competition patterns, with infrastructure—particularly rail networks—
playing a crucial role in extending port economic reach beyond coastal zones.

4.2.5. Quantitative Analysis

The quantitative assessment of port influence across major Spanish cities reveals
complex patterns of competition and market penetration. Table 10 presents a detailed
breakdown of port influence percentages across key urban centers, along with the dominant
factors driving these distributions.
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Table 10. Port Influence Analysis for Major Spanish Cities. Source: Own elaboration from simula-
tion results.

City
Algeciras
Influence

(%)

Valencia
Influence

(%)

Barcelona
Influence

(%)
Dominant Factor

Madrid 32.5 45.2 22.3 Rail connectivity and inland transport optimization

Zaragoza 15.3 42.1 42.6 Strategic location and multimodal infrastructure

Valladolid 28.7 38.9 32.4 Balanced multimodal connections

Sevilla 78.4 18.5 3.1 Geographic proximity and established logistics patterns

Bilbao 25.6 35.2 39.2 Specialized rail services and Northern Corridor efficiency

Valencia 8.2 82.5 9.3 Local port dominance and distribution networks

Barcelona 5.4 12.3 82.3 Regional port infrastructure and local market integration

Málaga 72.1 23.4 4.5 Southern Corridor efficiency and proximity to Algeciras

Murcia 21.3 67.8 10.9 Mediterranean Corridor connectivity

Burgos 27.8 41.2 31.0 Northern inland distribution networks

Madrid, Spain’s central logistics hub, shows a particularly nuanced distribution of
port influence, with Valencia commanding 45.2% of the market share, followed by Algeciras
at 32.5% and Barcelona at 22.3%. This distribution reflects the capital’s strategic position
and its excellent multimodal connectivity. Valencia’s stronger position can be attributed
to its robust rail connections and optimized inland logistics networks, while Algeciras
maintains significant influence through competitive pricing and efficient handling of time-
sensitive cargo.

Zaragoza presents an interesting case of nearly balanced influence between Valen-
cia (42.1%) and Barcelona (42.6%), with Algeciras maintaining a smaller but significant
presence (15.3%). This equilibrium stems from the city’s geographic position and its role
as a major logistics hub. The minimal difference between Valencia and Barcelona’s in-
fluence demonstrates how infrastructure investments and service quality can effectively
counterbalance geographic advantages.

The analysis of Valladolid reveals a more evenly distributed competition, with influ-
ence shares of 28.7%, 38.9%, and 32.4% for Algeciras, Valencia, and Barcelona, respectively.
This distribution reflects the city’s position in the northern logistics corridor and its strong
multimodal connections. The relatively balanced influence suggests that factors beyond
pure distance, such as service frequency and logistics chain integration, play crucial roles
in port selection.

Sevilla demonstrates the strongest single-port dominance in the study, with Algeci-
ras commanding 78.4% of the influence, while Valencia maintains 18.5%, and Barcelona
shows minimal presence at 3.1%. This strong skew reflects both geographic proximity
and well-established logistics patterns in southern Spain. However, Valencia’s significant
secondary presence indicates that competitive service offerings can penetrate even strongly
dominated markets.

In the northern region, Bilbao’s distribution (Algeciras 25.6%, Valencia 35.2%,
Barcelona 39.2%) shows how rail connectivity and specialized service offerings can over-
come geographic disadvantages. Barcelona’s slight lead in this market demonstrates the
importance of efficient inland transportation networks and integrated logistics services.

The influence percentages detailed in Table 9 are visually represented in Figure 5,
where the color intensities correspond to the calculated market shares. The strong domi-
nance of Algeciras in Sevilla (78.4%) is clearly visible in the deep blue coloring of the region,
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while the more balanced competition in Zaragoza is represented by the mixed coloring,
indicating influence from multiple ports.
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Figure 5 provides a comprehensive visualization of these overlapping influences,
where the RGB color model effectively illustrates the complex nature of port competition.
The mixed colors appearing in central Spain, particularly around Madrid, demonstrate areas
where multiple ports maintain significant market presence. This visualization supports the
quantitative findings presented in Table 10, particularly regarding the balanced competition
in central regions.

4.2.6. Quantitative Highlight

Port influence analysis across Spanish urban centers reveals a complex landscape
of competition, challenging traditional assumptions about geographic proximity. The
study demonstrates that port selection is determined by a sophisticated interplay of factors
beyond mere distance.

Key findings include geographic proximity is not the sole determinant of port influ-
ence; infrastructure quality, particularly rail connectivity, critically extends ports’ economic
reach; market concentration varies significantly by region; and most urban centers benefit
from multi-port competition. Notably, Madrid exemplifies how efficient inland connections
can enable ports to dominate markets beyond their immediate geographic boundaries.

The analysis reveals that product characteristics substantially influence hinterland
boundaries, with different cargo types revealing distinct competitive patterns. For instance,
the supply chains of perishable goods like bananas and oranges demonstrate varied port
selection dynamics. This comprehensive research confirms that modern port hinterlands
are shaped by a nuanced combination of transportation infrastructure, cost efficiency, and
product-specific requirements rather than simplistic geographic considerations.

Infrastructure emerges as a pivotal factor, with rail networks creating unexpected
patterns of port influence. Valencia’s performance in distant markets, Barcelona’s com-
petitiveness in northern regions, and Algeciras’s surprising reach in Galicia—particularly
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where rail transportation compensates for geographical disadvantages—underscore the
complex nature of port competition in Spain.

5. Conclusions and Future Research Directions
This study has presented a novel methodology for delineating port hinterlands

through comprehensive logistics cost optimization. The research advances the under-
standing of port competition dynamics by demonstrating that hinterland boundaries are
not static geographical constructs but rather dynamic, product-specific territories shaped
by multiple economic factors. This finding aligns with contemporary supply chain man-
agement theories while providing a quantitative framework for their practical application.

The proposed methodology’s implementation in the Spanish port system has yielded
several significant insights. First, it empirically demonstrates that hinterland determination
is influenced by a complex interplay of factors beyond simple distance metrics. The analysis
reveals how different cost components—transportation, warehousing, and time-sensitive
factors—contribute to the formation of port influence zones. Particularly noteworthy is the
impact of time costs on perishable goods routing, which can significantly alter traditional
distance-based hinterland patterns.

Second, the research validates the hypothesis that hinterland boundaries vary sig-
nificantly based on cargo type and origin. The comparative analysis of perishable and
non-perishable goods from different origins reveals distinct patterns of port influence. For
instance, the hinterland patterns for banana imports from Manzanillo differ markedly
from those for orange imports from Durban despite both being perishable goods. This
variation underscores the importance of considering product-specific characteristics in port
choice decisions.

Third, the study demonstrates the effectiveness of using weighted statistical approx-
imations to develop comprehensive hinterland maps. The integration of multiple trade
routes through a weighted analysis provides a more nuanced understanding of port compe-
tition than traditional single-product or single-origin studies. The resulting visualizations,
using an RGB color model, offer an intuitive representation of overlapping port influences,
revealing complex competitive dynamics, particularly in central Spain.

From a methodological perspective, the research contributes to the field by introducing
a structured approach to calculating and visualizing port influence. The use of multidi-
mensional matrices and decision trees for cost optimization, combined with GIS-based
visualization techniques, provides a robust framework for analyzing port competition. This
approach can be readily adapted to other port systems and geographical contexts.

The practical implications of this research are significant for various stakeholders. Port
authorities can utilize this methodology to better understand their competitive position
and identify areas for strategic development. Logistics planners and shipping companies
can leverage these insights for optimal route selection and network design. Additionally,
policymakers can use this framework to assess the impact of infrastructure investments
and regulatory changes on port competition dynamics.

However, several limitations of the current study suggest directions for future research.
First, the incorporation of real-time data and dynamic pricing models could enhance the
methodology’s applicability in rapidly changing market conditions. Second, expanding the
analysis to include environmental costs and sustainability metrics would align the model
with growing concerns about carbon footprints in logistics chains.

Furthermore, investigating the temporal stability of hinterland patterns through longi-
tudinal studies could offer valuable insights into the evolution of port competition. This
could be particularly relevant in the context of major infrastructure developments or sig-
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nificant changes in global trade patterns, such as those observed during recent global
disruptions to supply chains.

While this study provides valuable insights into port hinterland delineation, several
limitations should be acknowledged. The model assumes perfect information availability
regarding costs and transit times without explicitly incorporating infrastructure constraints
such as port congestion or capacity limitations. Operational simplifications include de-
terministic transit times and the absence of weather-related disruptions, while market
dynamics like dynamic pricing strategies and long-term contractual relationships are not
captured. Environmental considerations and carbon footprint calculations are not fully
integrated, and the modal split analysis focuses primarily on road and rail transport.

Additionally, temporal aspects such as seasonal variations and long-term infrastruc-
ture development effects are not explicitly modeled. Finally, the geographical scope of
testing, limited to the Spanish port system, may affect the model’s generalizability to other
regions, particularly in cross-border scenarios. These limitations provide opportunities for
future research directions and model enhancements.

In conclusion, while this study provides a solid foundation for understanding port
hinterland dynamics through cost optimization, it also opens new avenues for research in
port competition and maritime logistics. The methodology’s flexibility and comprehensive
nature make it a valuable tool for both academic research and practical application in the
evolving landscape of global maritime trade.
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