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Abgtract: This study addresses optimizing the fruit and \elgletlogistics chain at the Port of Valparaiso,l&€ta key

hub for exports in the Southern Hemisphere. Thraugimtegrated approach, it combines logisticfqiats (in Limache

and Quillota), blockchain technology, and a Capadett Facility Location Problem (CFLP) mathemativaldel. These
tools help mitigate traffic congestion, high logistcosts, and limited traceability, achieving opat 25% savings in
operating expenses, a 30% reduction in. €@dissions, and a 50% decrease in waiting timesgiating blockchain
ensures immutable records, improving supply chaisttand the quality of exported products. Thisppsal, aligned
with Industry 5.0 principles, promotes economidliesce and sustainability, positioning the Port\&paraiso as an
international benchmark for logistics innovatiomeTframework can be replicated in other ports, ridmuting to more

efficient and sustainable supply chains and redpaiban congestion. Finally, the paper discusseislsand political

risks associated with infrastructure developmewotnmgares MILP with other optimization methods (hstizs or

metaheuristics), and expands on the model's pafesiplication to different ports, including dryrgmor those with
limited capacity.

1 Introduction intelligent systems to achieve competitiveness and
The Port of Valparaiso manages about 70% of Chilesistainability. Following a discussion of the e, we

fruit and vegetable shipments [1], making it cetifor ~detail the methodology (including a comparativelysia

international trade in the Southern Hemispher&f MILP and heuristic methods), present our reslalts]

Nevertheless, it faces operational challenges sash €xamine the replicability in other ports—maritime o

Congested road access, elevated |Ogistics Costﬁ%ing !ﬂland—and.the social and pOlltlcal risks that edfect

adoption of advanced technologies, all of whicharmine ~ implementation.

port competitiveness and sustainability. An intégpla _ _

solution harmonizes global economic, social, and Literature review

environmental considerations, where greater effye 2.1 Innovation and improvement in logistics

traceability, and environmental responsibility are chain management

increasingly demanded [2]. Technological innovation has become essential for

improving competitiveness in seaport supply chaiith

This article proposes a holistic strategy enconipgss  sjgnificant seasonal demand. Tools such as aalfici

1. Strategic logistics platforms situated in Limachel a intelligence (Al), the Internet of Things (loT), dn
Quillota. blockchain have reshaped cargo handling by minirgizi

2. Blockchain technology to ensure full traceabilityda human errors and enhancing transparency. Automation
secure data exchange. solutions (e.g., collaborative robots) yield greaiecuracy

3. A mathematical model (CFLP) formulated via mixedin loading/unloading tasks, while digitalization.de
integer linear programming (MILP). TradeLens) enables real-time, data-driven decisions

reducing costs and processing times. Leading sesapith

The approach aims to reduce costs by 25%, cutngaiti agdvanced logistics (e.g., Rotterdam, Singapore)e hav

times by 50%, and lower G@missions by 30%, thereby achieved substantial operational efficiency throsgish
enhancing the competitiveness of fruit and vegetablechnologies [3].

exports. Blockchain and IoT integration supportadat
security and product quality. This proposal is gubed in
Industry 5.0, which emphasizes the synergy of hugaaal

o
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2.2 Blockchain in logigtics major gateways. Digitization and multimodal integma
Blockchain technology provides immutable recordsaise energy efficiency and traceability, makingetn
and decentralized ledgers, strengthening traceakitid logistics” a competitive advantage. Chile’s modeation
document security in supply chains. For instandepting plans for port infrastructure and climate change
blockchain-based platforms in the Port of RotterdarBommitments further support environmentally resfaas
reduced document processing times by up to 80%Af4]. strategies, such as those proposed for Valpar@jso [
Valparaiso, blockchain offers reliable quality fiedtion
for horticultural products (which is crucial for ghi- 2.6 Contextualization and regulatory challenges
standard markets), facilitating expedited approveatsl The Port of Valparaiso is strategically situated fo
enhanced data security. Convergence with Al-baséthile's international trade. However, the port's
forecasting or real-time route management alseasgs competitiveness faces complex regulatory challerepeh
supply chain resilience and transparency [5]. as integrating international regulations in logisti the
implementation of environmental policies, and diligting
2.3 Industry 5.0 and digital transformation operational processes. Current rules require pomslopt
Industry 5.0 emphasizes human-machine collaboratististainable standards aligned with the Sustainable
with a focus on sustainability and service perdaatibn. Development Goals (SDGs), especially in reducingaa
In a port environment, this merges Al, loT, blockithand emissions and promoting renewable energy [10].
automation, keeping humans at the core to makeegtca On the other hand, implementing blockchain
decisions while repetitive tasks are delegatedtailigent technology in the port requires a regulatory frameuhat
systems. Besides operational efficiency, resilieice guarantees the interoperability of systems and data
disruptions and a reduced environmental footprire aprotection. According to ECLAC (2021) [3], regulato
central goals—vital for seaports with high shippinghallenges include defining global standards fotada
volumes, including Valparaiso [6]. exchange and collaboration between regional puaiidt
private actors. For Valparaiso, this implies advagc

2.4 Mathematical model and location of facilities bilateral agreements with key trading partnersaatapting
The Capacitated Facility Location Problem (CFLR is Port infrastructure to international regulationstsas the
mixed-integer linear programming model that fintte t Paris Agreement and the World Trade Organization

optimal location for facilities subject to capacity(WTO) trade transparency frameworks.

constraints and demand. Studies in port settinge ha Current regulations increasingly require ports et

demonstrated cost reductions of around 12% anciaifiy ~Sustainable-development standards, especially dioca

gains of around 18% when applying the CFLP [7]. Foieduction targets and promoting renewable energy.

Valparaiso, placing logistics platforms in Limachad mplementing blockchain at Valparaiso also demaads

Quillota—integrating road and rail—helps reducdegal framework that guarantees system interopiésabi

congestion and total costs. and data protection; establishing global data-exgba
Nonetheless, alternative methods, such as heuaristic Standards and fostering public-private collaboratéaye

metaheuristics (e.g., genetic algorithms, ant golorfherefore critical. For Valparaiso, progress hinges

optimization, tabu search), can swiftly tackle &sgale bilateral agreements with key trading partnersaapting

problems but often lack guaranteed global optimalit POrt infrastructure to international frameworkstsas the

Meanwhile, the MILP approach ensures robust, exaB@ris Agreement and WTO transparency rules [11].

solutions, although potentially at a higher compateal

cost. For Valparaiso, where problem size is modeaati 3 Methodology

infrastructure decisions are financially significathe 3.1  Study design

thorough analysis and guaranteed optimality offdogd This paper follows an applied, multidisciplinary

MILP outweigh the benefits of faster but approxienatapproach:

methods. In very large or highly uncertain settjigdrid 1. Diagnostic: Gathering data on congestion, costd, an

schemes that blend MILP with heuristic search cddd traceability issues in Valparaiso to identify berticks

explored, but in the present case, MILP on it rei®ai  and opportunities [12].

sufficient and advantageous [8]. 2. Objectives: Lower costs by 25%, cut emissions by

30%, and reduce waiting times by 50%.

2.5 Port logistics and sustainability 3. MILP (CFLP) model: Locate platforms (Limache,

Sustainability is becoming a key objective in thetp
logistics industry, in alignment with the Paris Agment
and the Sustainable Development
Redesigning logistical networks and setting up ridla

platforms (dry ports) effectively reduces €@missions, 5.

congestion, and direct truck traffic in sensitivban areas.

This approach also helps address social aspeds: le

congestion improves the quality of life for resittenear

Goals (SDGS).

Quillota) and assign traffic flows in a multimodal
context [13].

Blockchain integration: Provide end-to-end supply
chain transparency and data security [14].

Validation and sensitivity: Compare baseline vs.
optimized scenarios under various demand or cost
changes (+15% demand, +20% fuel costs), referencing
similar international port examples [15].
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The model used is based on the mathematical model Initial diagnosis: A comprehensive analysis of the
proposed by Chen & Ting [16], known as the Capacity current supply chain was carried out, identifyirey k
Constrained Facility Location Problem (CFLP). This  problems such as traffic congestion at port acsesse

approach aims to minimize the total transportatonl high logistics costs, and excessive waiting times.
location cost, determining the optimal number awéiion 2. Definition of objectives: Specific objectives were
of facilities and allocating demand to each. Ireotivords, established to reduce operating costs by 25%, deere
it looks at how many responsive logistics centers a  CO, emissions by 30%, and optimize transit times by
needed and where they should be located to minicaigts 50%, aligning with international sustainability
without exceeding their capacity. standards.

The CFLP formulation is the objective function (1): 3. Model design: The MILP model included variables
such as the location of logistics platforms in Laha

MinZ = Y7 YT C; Xy + X' f;) (1) and Quillota, the capacity of the facilities, moltidal
routes (road and rail), and refrigerated containers
Constraints (2)-(7): ensure product qualllty. . .
Z,’-"Xi,- =1,Vi 2 4 Simulation scenarios: Various scenarios were
Yrd. X, < S.Y,Vj 3 simulated, including 15% increases in seasonal
i N A 3) demand, increases in fuel costs, and operational
XS Y; =Y, d; (4) ' '

restrictions at the port [21].

Xy = Y;vi (3) 5. Integration of technological tools: Digital toolsch as
Y;={0.1} (6) blockchain were incorporated to ensure traceability
X;; = {0.1} (7) the supply chain, and multi-criteria analysis

techniques (MCDM) to prioritize the most sustairabl
Equation (1) is the function to be minimized and solutions [22].

corresponds to the total supply costs, i.e., thetscof
meeting the demand when a candidate plant is opphed The study also considered environmental and ecanomi
the total fixed costs of locating said plant. Caaist (2) metrics, ensuring the solutions were replicableotiner
means that each customer is supplied by only omet;pl international ports. This comprehensive approach
constraint (3) guarantees that the opened plant hasproves operational efficiency and positions thet Bf
sufficient capacity to meet the assigned demanakteaint Valparaiso as a benchmark in logistics innovation.
(4) ensures that the total number of open plantersathe The analyzed data include historic fruit and velgleta
total demand of the area; constraint (5) indicttasif any export volumes from the Port of Valparaiso, TPSIe&hi
candidate plant j is opened, it may or may not esenand foreign trade statistics. These data were cemmgahted
customer i; if it is not opened, it would not besgible to  with interviews with logistics operators and regditom
serve customer i. The constraints (6) and (7) nthke the Ministry of Transport and Telecommunications of

decision variables binary. Chile. Key variables include:
» Average annual export volume: 1.2 million tons.

Variables and Constraints * Average transportation costs: USD 0.45 per tonme pe
+ Demands: Seasonal production volumes of kilometer.

horticultural exports. » Average waiting time at port accesses: 6 hoursgh h
» Costs: Road/rail transportation, fixed facility, dan  season.

operating expenses [17]. » CO; emissions per tonne transported: 120 kg [23].
» Capacity: Maximum throughput at Quillota and

Limache logistics facilities [18]. The model incorporated existing infrastructure data
» Emissions: Cofactors per road or rail mode, targetingsuch as the current port capacity of 20 milliorstpar year,

a ~30% reduction [19]. and simulations that considered scenarios such5&s 1

+ Technology: The conceptual adoption of blockchain #creases in seasonal demand. In addition, envieotah
loT plus a DSS for integrating MILP outputs [20].  metrics were analyzed, such as a projected 30%tiedu
in CO: emissions through multimodal transport [24].
This model optimizes the location of logistics
platforms, integrating sustainability metrics, epsand 3.2  Justification of the mathematical model
variable demands. The formulation considers minimgiz The mixed integer linear programming (MILP) model
costs and ensuring that the facilities' capacidies not was selected due to its ability to solve complegidtics
exceeded, maintaining an optimal balance betwegmoblems, such as the optimal location of logistics
efficiency and compliance with restrictions. facilities, resource allocation, and cost optimmatin
multi-constrained systems. This mathematical apras.
The methodological approach includes the following widely recognized in the specialized literature as
stages: effective tool for managing logistics networks whigh
variability in demand and capacity constraints [25]
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One of the main advantages of the MILP is itadapting to the infrastructure and operational
flexibility in incorporating multiple objectives dn specifications of the Port of Valparaiso [33].
constraints, allowing not only cost optimizationt lalso The model's scope covered a radius of action okg00
the integration of environmental and social criteffhis from the port, including road and rail routes te tbhwns
study adjusted the model to consider variablesiipés  of Limache and Quillota. This multimodal approacasw
the Port of Valparaiso, such as transportatiorscéetility ~designed to maximize connectivity between the taggis
capacity, and sustainability metrics, including COplatforms and the port, allowing an efficient tritios of

emissions reduction [26]. fruit and vegetable products to international nirast
Previous studies have shown that MILP is partidylar transport [34].
effective in port contexts where operational costst be In addition to GAMS, advanced technologies such as

balanced with  compliance  with internationalblockchain were used to ensure real-time tracegptoli
environmental regulations. Furthermore, integratintpgistics operations. Blockchain was integratechwdT
technologies such as blockchain and advanced diowla tools to monitor critical variables such as tempegsmand
tools strengthens the model’s ability to adaptharging humidity in refrigerated containers, ensuring pmidu
scenarios and improve real-time strategic decisiahing quality during transport [35].
[27]. Advanced simulation techniques were also used to
Finally, MILP offers a significant advantage overanalyze the impact of different scenarios, inclgdin
heuristic methods by ensuring optimal global sohgiand fluctuations in demand, port capacity constrairgagd
reducing the risk of operational inefficienciesigfeature changes in transport costs. These simulations gedvkey
is crucial for a port like Valparaiso, which se&kgosition information to fine-tune the model and improve the
itself as a logistics innovation and sustainabiligder in  accuracy of the projections.

Latin America [28]. Finally, using decision support systems (DSS) adldw
researchers to evaluate alternatives under econsatial,
3.3 Modd validation and environmental criteria, aligning with the Susiale

The developed model was validated by comparing tHeevelopment Goals (SDGs), especially concernimgate
results of the simulations with historical datafarit and —action and innovation in logistics infrastructure.
vegetable exports from the Port of Valparaiso. phigess
included verifying projected operating costs andtimg 3.5 I mplementation schedule

times against port performance statistics obtaifiech The proposed solutions will be implemented in three
TPS Chile and the Ministry of Transport andphases to ensure a progressive and sustainabteydepit
Telecommunications [29]. of logistics platforms and technological integratid he

Sensitivity analyses were conducted to assess tpbhases and their key activities are detailed below:
impact of changes in key variables, such as fltictga 1. Design phase (months 1-6):
demand during peak seasons (increases of 15%)uahd f « Development of the MILP mathematical model

costs. These tests allowed for identifying critipaints in adapted to the specific conditions of the Port of

the logistics operation and adjusting the modehpeters Valparaiso.

to improve its accuracy and robustness [30]. « Identify optimal locations for logistics platfornirs
Additionally, multi-criteria decision-making (MCDM) Limache and Quillota through simulations.

techniques, such as Analytic Hierarchy Analysis (JH .« |nitial integration of digital tools, such as

were used to prioritize logistics platform location blockchain, to ensure traceability and collectién o

considering economic, social, and environmentaiofac operational data.

These tools were key to ensuring that decisionsswer . Technical and environmental feasibility study,

financially optimal and aligned with the Sustairabl including sustainability metrics such as projected

Development Goals (SDGs), particularly those relate reduction of C@emissions.

climate and industrial development [31].
Finally, the model was subjected to cross-validtiop  pijjot phase (months 7-12):

tests, comparing it with similar international desdin « Initial infrastructure construction in Limache and
ports such as Rotterdam and ISlngap.ore.._Th_ese Quillota, with partial operational capacity.
comparisons confirmed the model's applicability in ., gperational tests under controlled conditions,

complex logistics contexts and its ability to adapthe including multimodal transport (road and rail) and
specific conditions of the Port of Valparaiso [32]. use of refrigerated containers.

» Validation of blockchain integration to ensure real
time cargo traceability.

Adjustments to the MILP model based on data
collected during pilot testing.

3.4  Scope and technological tools

The study used GAMS software to implement the
MILP model, which was selected for its ability tartule
complex logistics problems and flexibility in integing
multiple constraints. This software allowed optimgthe
location of logistics platforms and multimodal resit

~ o
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» Expansion of logistics infrastructure to its fulle Fuel price variations: £20%.
operational capacity. » Operational constraints: partial delays on onefquiat

* Fully deployed integrated blockchain and loT or reduced capacity.
monitoring system for refrigerated containers.

+ Implementation of decision support systems (DSS) Results showed persistent advantages (cost/time
to continuously evaluate logistics operations undeeductions) except under extreme demand surge94}25
economic, social, and environmental criteria. indicating potential future expansions.

» Continuous platform performance monitoring using

key indicators such as operating costs,.CQ} Limitations of the study
emissions, and transit times. This study presents promising results, but it seatal
) ) ) . to recognize some limitations that could influertbe
The schedule is aligned with the Sustainablgppiicability and results of the proposed model:
Development Goals (SDGs) and international requiati ,  pata Restrictions: The data used for the simulatame
on logistics and sustainability. Completing theethphases based on projections of historical export volumes a

is estimated to position the Port of Valparaisa &sading assumptions about future port capacity. Changes in
model in logistics innovation in Latin America. market conditions could affect the accuracy of ¢hes
_ _ _ estimates.

3.6 MILP formulation and comparison with . Geographic scope: The model is designed specificall

heurigtics for the context of the Port of Valparaiso, whichyma

Following Chen & Ting's CFLP framework [16], the Jimit its direct applicability to other ports withifferent

objective function minimizes the sum of fixed fétgicosts operational characteristics.
and variable transportation costs, subject to dgpac. Technological capabilities: The implementation of
constraints (no facility exceeds K) and demand taimts advanced technologies, such as blockchain and loT,

(all products must be served). We used GAMS with a depends on the existing technological infrastrectur

CPLEX solver to obtain optimal solutions within  and the level of adoption by local logistics player
manageable runtimes. Though heuristics (e.g., @enet

algorithms, tabu search) can address large ingancee 5 Results and discussion
quickly, they do not guarantee global optimalityvéh the
port’'s moderate size and the high stakes of infiagire
decisions, MILP’s thoroughness and capacity fomalr
sensitivity analysis make it the most appropridteice
[34].

5.1 Optimal location of platforms

The MILP model determined that Limache and
Quillota are the optimal locations for logisticabrms
due to their road and rail connectivity with thertPof
Valparaiso. These locations allow for the redistiin of
40% of the truck flow, significantly reducing corsien at
port accesses. In addition, implementing multimodal
transport has projected a 30% improvement in ojerat
efficiency. These platforms also reduce land trartspsts
by consolidating loads before they arrive at the table
1), optimizing truck use, and reducing unnecess#sy.

3.7 Simulationsand validation

We first replicated a baseline scenario “withoutvne
platforms” to validate historical costs and wainéis
against data from TPS Chile [1]. Then, the “optiediz
scenario was evaluated and compared. We introduced:
» Peak demand: +15% production in harvest season.

Table 1 Projected reduction in vehicle flow at pactesses

Category Before Implementation After Implementation
Total Logistics Costs (USI 15C 112.¢
Waiting Time (hours 6 3
Fuel Consumption (liter 40C 30C
Use of Renewable Energy ( 20 50
CGC: Emissions (kg/tol 12C 84
5.2 Economic and operational impact exports. Additionally, optimizing multimodal routdms

The model results show a 25% reduction in totgdroven essential to meet increases in seasonalndema
logistics costs, including transportation and hamgdlof ~ ensuring a constant flow of products to the intéomal
goods. Waiting times at the port are reduced by,5@%ch market. Implementing the model also facilitateseétey
improves the competitiveness of fruit and vegetabl@llocation of logistics resources, reducing opamtosts

during periods of high demand.

@ OB ~ 609~
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Table 2 Key operational and environmental perforosimdicators

. Before After Improvement
Indicator . . Source
Implementation | Implementation (%)
Total Logistics Costs (USI 15C 112t 25 TPS Chile (2027[1]
Waiting Time (hours 6 3 50 Durén et al. (202:[11]

Fuel Consumption (liter 40C 30C 25 Model Estimate
Renewable Energy Usage | 20 50 30 CEPAL (2021 [3]

CO; Emissions (kg/ton) 120 84 30 CEPAL (f/%zdlg‘ [3]; MILP

(Source: Own calculations using TPS Chile data [1])

Table 2 summarizes the leading economic, operdfiongovernmental approval from relevant ministries
and environmental indicators that reflect the intpaic (Transport, Economy, etc.). If these aspects am@lypo
implementing the proposed solutions. The data showanaged, community or political pushback can
significant operational efficiency and sustainapili significantly delay or derail even technically sdun
improvements, aligning with the Sustainable Develept logistics projects. Sufficient financing and pubtidvate
Goals and international regulations. Additionallyleadership are also vital for success, especidllyhe
optimizing multimodal routes has proven essentiaheet project spans multiple governmental terms.
increases in seasonal demand, ensuring a conlstanoff
products to the global market. Implementing the ehod5.5 MILP vs. other optimization approaches
also facilitates a better allocation of logistiesaurces, Although the MILP (CFLP) ensures global optimality
reducing operating costs during periods of highaletn  and thorough sensitivity analyses, heuristic or

metaheuristic methods (e.g., genetic algorithmst an
5.3 Sustainability and emissions reduction colony, tabu search) can yield near-optimal sohsio

Shifting to multimodal transport and consolidatingapidly for very large-scale problems. Nonetheless,
loads complemented by blockchain-based operationdhlparaiso’s moderate context, where the investment
management lowers G@missions by ~30%. Blockchain stakes in new infrastructure are high, MILP’s aecyrand
and loT also strengthen cold-chain monitoring, engu potential for exploring constraint variations (e gapacity
quality and minimizing waste. This environmentakexpansions, environmental limits) provide more éroé
improvement aligns with global climate commitmentsyalue. For extremely large or uncertain scenarios,
enhancing the port's “green” status. hybridizing MILP with heuristic approaches mighbpe

advantageous; however, the present scale of Vaduesa
New environmental indicators: horticultural exports does not necessitate thatijats, the
» 25% reduction in fuel consumption for land transporMILP approach is well justified given this enviroant.
thanks to route optimization.
+ Increasing the use of renewable energy in pof6 Applicability to other ports (including dry
operations through partnerships with local supglier ports or limited capacity)

While this analysis centres on Valparaiso, the risde
broadly replicable. Comparable Latin American ports

strategies facing congestion and seasonal demand can adapt by
Building inland platforms in Limache and Quillotagn  recalibrating local data on demand, infrastructuaed
face local community resistance and concerns abot@sts. Even dry ports or smaller maritime ports can
increased truck traffic, noise, and land-use chanties leverage the same combined approach of inlandoptasf
crucial to: and blockchain to optimize distribution flows and
« Engage communities early on, clarifying the besefittransparency. In these cases, the main differenctdve
(jobs, less urban congestion at the port, potetteall adjusting capacity constraints or factoring in efiént
economic boost) and addressing concerns. topographies and regulatory frameworks. Also, the
- Develop mitigation plans: designated truck roupds, overarching benefits of digitization and loT-based
peak scheduling, noise barriers, and environmentdfceability remain consistent across varied scales
management to reduce negative impacts. geographies. _

. Offer compensation: If local communities endure Hence, the contextual scope of this model expands
burdens, the project can include community benefifi€yond Valparaiso, as the principle of decentragzi

(infrastructure improvements, social programs, gree?Perations and strengthening digital traceabilipplies
spaces). across many port scenarios, whether maritime anhl

large or moderate, provided local parameters and

Moreover, robust institutional coordination is negd Cconditions are accounted for. This widens the peten
land-use permits, environmental impact assessmengs, 9/0bal impact of the research, underscoring hoegrated

54 Social and political risks and mitigation
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design (inland platforms + blockchain + MILP) canHamburg, and Singapore validate the model's appliga

improve port logistics in diverse contexts. in international contexts. In the Port of Rotterdam
blockchain and IoT systems have reduced operatistsc
5.7 Discussion by 20% and improved logistics traceability. On ttker

The results show that integrating blockchaiand, Hamburg has implemented land transport
technology and the MILP model provides practicadi anelectrification strategies, which could inspire #m
sustainable solutions to current logistics chakemng initiatives in Valparaiso to move towards a greepert
Comparisons with leading ports such as Rotterdarflable 3).

Table 3 Comparison of technological innovations agieading ports

Port Integrated Technology Key Impact
Rotterdan Blockchain + 1o 20% reduction in logistics co:
Singapor Al + Cobot: 35% improvement in operational efficiel
Valparais Blockchain + MILF 25% cost reduction and 30% . reductiot

These findings position the Port of Valparaiso as a « Lack of specialized financing: Financing options,

benchmark in advanced logistics, highlighting the such as public-private partnerships or internationa
importance of technological innovation and sustailitg green funds, must be explored to ensure sufficient
in global port competitiveness. The replicability the resources.
model in other Latin American ports reinforcessitategic
value for the region. 4. Social and environmental challenges:
» Local resistance: Communities near new logistics
5.8 Challengesin implementation platforms may show opposition due to
Despite the projected benefits, implementation ace environmental or urban impact concerns.
several significant challenges: e Compliance with environmental regulations:
Ensuring that projects comply with local and
1. Technological challenges: international environmental regulations can be
e Systems interoperability: Integrating blockchain challenging if strict or variable standards.

with other logistics and port platforms requiresagl
interoperability standards to avoid incompatibility 5. Regulatory challenges:

» Technological infrastructure: Implementing ¢ Legal framework for blockchain: In  many
advanced tools, such as loT and blockchain, countries, regulations for blockchain and its
depends on the appropriate technological integration into logistics systems are not yetyfull
infrastructure, which may sometimes be limited. defined, which could delay its implementation.

» Technical training: Logistics staff will need spféci » Institutional coordination: Effective collaboration
training to operate new technologies, which implies between port authorities, governments, and private
additional costs and adaptation time. actors is necessary to streamline processes and

avoid bureaucratic delays.
2. Operational challenges:
« Transition to a multimodal system: Changing from Recommendations to address the challenges:
a system based primarily on road transport to a 1. Adopting international standards: Using proven

multimodal one involves reorganizing operational regulatory frameworks for blockchain and port
processes and adjusting logistics flows. logistics.
« Operational resilience: During the transition phase 2. Phased implementation: Introduce technologies and
temporary disruptions in port operations may arise platforms in stages to reduce operational risks.
that affect the fluidity of exports. 3. Public-private collaboration: Create alliances to
« Infrastructure adaptation: The construction of new share costs, risks, and technical expertise.

E

logistics platforms in Limache and Quillota may Continuous  monitoring: ~ Establish  real-time
face delays and cost overruns due to logistical or performance indicators to measure impact and

permitting issues. adjust solutions.
3. Financial challenges: 6 Legal and political framework
e High initial costs: Implementing logistics Implementing the proposed solutions must be aligned
platforms, advanced technologies, anavith local and international regulations. In partar:
improvements in multimodal infrastructure requires  Chilean regulation: Comply with national laws retht
significant investment. to environmental sustainability and technological
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modernization, ensuring the viability of logisticsThe conclusions respond to technical and scierifteria
platforms and blockchain. for the benefit of port logistics development.

» International regulations: Ensure that operations
comply with International Maritime Organization Future research
(IMO) standards on emissions reduction and thesPad. Integration with Al: Explore machine learning
Agreement on climate action. algorithms for dynamic routing and real-time incitle
management.

2. Long-term analysis: Investigate a 10-20-year horizo

By integrating logistics platforms (Limache—Quitit considering climate change impacts and transport
blockchain technology, and a MILP-based CFLP mode|, automation. _ _
we provide a comprehensive solution to enhancednd 3 Application in dry ports: Validate MILP + blockcimi
vegetable logistics at the Port of Valparaiso. Key N inland terminals connected to seaports, possibly
conclusions include: across borders. _ _

1. Cost and time reductions: Logistics costs decrebged 4- Road fleet electrification: Assess electric or fgbr
~25%, and average waiting times were halved (frém ~ trucks reduce emissions and noise in populated &nea
to ~3 hours), boosting Chile’s export competitivesie further reduce emissions a_md noise in populatessare

2. Sustainability: About a 30% drop in G@missions - _Global bIoc!<_cha|n. expansion: Investigate cross-eord
thanks to multimodal routes and efficient refrigeca  interoperability with other blockchain systems and
container usage. Blockchain and loT reinforce peodu ~ Customs  authorities  to  boost  transparency  for
quality and supply chain trust. international exports.

3. Technological innovation: The synergy of blockchain ) )
and potential future Al adoption pushes Valparaiso 1h€ systematic and coordinated deployment of
toward a Smart Port paradigm aligned with Industrytrategic inland platforms, blockchain technologyd
5.0. ILP-based optimization provides a feasible roadrtap

4. Social and political risks: Building inland platfos ~Modernize horticultural logistics in Valparaisasnag its
requires navigating regulatory frameworks, finagcin9/0bal export competitiveness and fostering a iesdil
agreements, and engaging local communities fyStainable port aligned with Industry 5.0.
mitigate impacts and potential opposition.

5. Replicability: The same model can be adapted terothACknowledgements

highlighting its broader applicability. to the support of Terminal Pacifico Sur ValparaisBS
Chile) and Empresa Portuaria Valparaiso (EPV), kvhic

Theoretical and practical contributions provided key data and logistical resources foréisearch.

The study enriches the literature by combining & @ddition, we thank the Economic Commission fatif

quantitative model (CFLP) with emerging technolsgieAMerica and the Caribbean (ECLAC) for its technical
(blockchain, 10T) within a real port context, shagihow 2dvice and the local logistics operators, who pigted in
digital innovation can strengthen both economic anit€rviews and pilot tests, enriching the analysasied
environmental objectives. Practically, an increraent OUt. Finally, we appreciate the international exper port
adoption plan (pilot phase, full deployment) anthust l0gistics and sustainability who contributed witfitical
public-private cooperation can overcome financiatl a reviews of the proposed model.

regulatory barriers. At the same time, the inlafatfprm
design alleviates port-area congestion and fodietter
urban mobility.

7 Conclusions
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