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Objective: With the emergence of the Industry 4.0 paradigm and transformative
technologies such as the Internet of Things, Cyber-Physical Systems, and Artificial
Intelligence, the fields of logistics and fleet management are undergoing substantial
changes. Nevertheless, the existing body of research remains fragmented and lacks of
conceptual coherence in systematically examining the role, position, and underlying
mechanisms through which these technologies influence both classical and complex
variants of the Vehicle Routing Problem (VRP). Addressing this gap constitutes the
primary motivation of the present study.

Method: This research adopts a Systematic Literature Review (SLR) methodology and
strictly follows the PRISMA 2020 guidelines to collect, screen, and conduct an in-depth
analysis of the relevant literature. A structured search across the Scopus, Web of Science,
ProQuest, and other reputable scientific databases resulted in the selection and analysis
of 27 representative studies published between 2011 and 2025.

Results: The findings reveal a significant gap between the growing complexity of
algorithmic models proposed in the literature and the practical considerations required for
their implementation within integrated Industry 4.0 ecosystems. To address this
shortcoming, the study proposes a three- dimensional conceptual framework that captures
the dynamic interaction among the nature of the problem, the role of technology, and the
level of decision-making.

Conclusions: This framework not only synthesizes the existing literature at a higher
conceptual level but also provides a structured direction for future research aimed at
achieving deeper integration between Industry 4.0 technologies and vehicle routing

problems.
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Introduction
In contemporary competitive business landscapes, optimizing goods flow and transportation

decision-making has emerged as a cornerstone of logistics and supply chain management. The
vehicle routing problem (VRP), first formulated in the 1950s by Dantzig and Ramser, stands as
one of the most pivotal and computationally intensive challenges in operations research and
combinatorial optimization. This classic problem seeks to determine efficient routes for a fleet
of vehicles to serve customers while minimizing total travel distance or operational costs, a task
that has gained renewed urgency amid escalating fuel prices, emissions regulations, and
logistics expenses—which, per 2025 industry reports, account for 58% of total logistics costs.
Despite decades of advancements in exact algorithms, metaheuristics, and hybrid methods,
VRP remains NP-hard, with real-world extensions like dynamic demands, heterogeneous fleets,
and environmental constraints amplifying its complexity. Existing literature reviews have
extensively covered classical VRP variants—such as capacitated VRP (CVRP), time-window
VRP (VRPTW), multi-depot VRP (MDVRP), heterogeneous fleet VRP (HFVRP), and green
VRP (G-VRP)—alongside solution paradigms like machine learning-driven heuristics and
reactive strategies for urban dynamic settings. However, these syntheses largely overlook the
transformative intersection with Industry 4.0 technologies, including IoT for real-time sensing,
AI/ML for predictive routing, cyber-physical systems (CPS) for integrated control, digital twins
for simulation, and big data analytics. This results in conceptual fragmentation: VRP sub-
problems lack clear delineation in Industry 4.0 contexts, enabling technologies' contributions
remain ambiguous, and practical implementation gaps persist between algorithmic designs and
operational realities. The absence of a systematic synthesis mapping these convergences
motivates this review, providing a structured roadmap to consolidate disparate studies, reveal

trends, and illuminate pathways for digital-native logistics.

Objectives and Research Questions

This systematic literature review aims to delineate the evolution and integration of VRP
formulations with Industry 4.0 technologies, synthesizing evidence from 2011 to 2025 to clarify
their synergies, dominant patterns, and unresolved challenges. Secondary objectives include
categorizing VRP sub-problems and solution approaches under Industry 4.0 paradigms,
evaluating technology-specific contributions across problem stages (input, modeling, solving,
execution), and identifying gaps in modeling realism and deployment feasibility.

Guiding research questions prioritize analytical depth over hypotheses:
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RQ1: Which Industry 4.0 technologies (e.g., IoT, AI/ML, CPS, digital twins) most prominently
shape VRP variants, fleet configurations, and objective functions?

RQ2: What algorithmic innovations, particularly AI/ML hybrids and metaheuristics,
demonstrate efficacy in data-rich, dynamic Industry 4.0 environments?

RQ3: What economic, environmental, and performance outcomes arise from these integrations,
and where do theoretical models diverge from practical requirements?

These questions frame a targeted synthesis, emphasizing transparency and reproducibility to

advance both scholarly discourse and industry applications.

Method

Adopting a hybrid systematic literature review (SLR) framework—integrating PRISMA 2020
for transparency with Marzi et al.'s (2025) SPAR-4-SLR for knowledge augmentation—this
study ensures rigorous, reproducible evidence synthesis. Searches spanned Scopus, Web of
Science (WoS), ProQuest, and Google Scholar, targeting peer-reviewed English-language
articles from 2011 (Industry 4.0 inception) to 2025. The search string—"("vehicle routing" OR
"vehicle routing problem" OR "VRP" OR '"route optimization") AND ("Industry 4.0")"—
yielded 163 initial records: 87 from Scopus, 32 from WoS/ProQuest each, and 12 from Google
Scholar.

A three-stage screening process refined the corpus. Stage 1 eliminated 24 duplicates via CSV
merging. Stage 2 applied inclusion/exclusion criteria (Table 1): direct relevance to ground-
vehicle VRP with Industry 4.0 tech, top-50% Q1/Q2 journals per Scimago, empirical/analytical
articles—discarding 87 unrelated theses, white papers, or non-English works. Stage 3 assessed
full-text quality using the 10-item CASP checklist (Shahinfar et al., 2023), rating
methodological rigor, transparency, and applicability; this excluded 51 low-quality or
redundant studies, supplemented by 6 cross-referenced additions, yielding 27 final articles.
Data extraction coded six dimensions: VRP type (e.g., DVRP, CVRP), fleet homogeneity,
objectives (cost/time/emissions), solution methods (exact/heuristic/metaheuristic/DRL),
Industry 4.0 tech (IoT/AI/CPS), and outcomes (economic/environmental/performance).
Thematic analysis via content coding and cross-validation by domain experts ensured bias

minimization, with dual researcher verification confirming result stability.
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Results

Analysis of the 27 studies reveals a concentrated focus on advanced VRP variants: CVRP
(dominant at ~74%), TVRP, DVRP, and G-VRP, with 74.1% assuming homogeneous fleets to
manage computational demands—a pattern underscoring modeling conservatism despite
Industry 4.0's data abundance for heterogeneous scenarios (e.g., Govindan et al., 2024;
Rahmanifar et al., 2023). Objectives blend economic priorities (cost: 22.2% single-objective;
ubiquitous in multi-objective) with time/distance (18.5%/7.4%) and emissions (3.7%), where
multi-objective models (13/27) favor cost-emissions (n=8) and time-distance (n=11) pairings
(Figure 6 heatmap). Solution paradigms tilt toward scalability: metaheuristics/hybrids prevail
(e.g., evolutionary algorithms, ALNS), augmented by AI/ML (22 instances; e.g., DRL, pointer
networks, ML-VLGA) and exact methods (MIQP/Gurobi) for validation. Deep reinforcement
learning emerges in dynamic contexts but sparingly, signaling nascent maturity. Industry 4.0
roles stratify by pipeline stage (Table 4): Al dominates solving (QAOA/QUBO for NP-hard
cores); IoT (15 instances) fuels inputs via GPS/RFID/GNSS/V2V for real-time ETA/demand;
CPS/digital twins (sparse) enable ERP-AGV integration and simulation. Outcomes emphasize
performance gains (81.5%), cost/energy savings (66.7%), with environmental/social impacts
secondary. Prominent gaps: scant heterogeneous fleet realism (25.9%); underexplored CPS/IoT
architectures beyond data inputs; algorithm-testbed disconnects; limited sustainability multi-

objectives. Conflicts arise in scalability claims versus real-world validation paucity.

Discussion and Implications

Theoretical implications consolidate Industry 4.0 as a catalyst for VRP evolution while
revealing a significant gap: a predominant focus on IoT as a data-input enabler, often at the
expense of deeper integration at the modeling and execution stages. This pattern underscores
the underutilization of transformative technologies like digital twins and cyber-physical
systems (CPS), highlighting that current research often treats Industry 4.0 as a supportive layer
rather than a paradigm-shifting architecture. The findings position hybrid Al-metaheuristic
approaches as crucial bridges between classical optimization and data-native logistics.

Practical implications derived from the synthesis suggest actionable pathways. Evidence
indicates that integrating IoT-GPS for dynamic urban routing, deploying hybrid solvers to
balance cost-emissions objectives, and implementing CPS-ERP architectures for automated

warehouse synchronization are correlated with operational efficiency gains of 15-30% in
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benchmarked studies. Furthermore, the literature emphasizes the potential of cross-sector
testbeds and the integration of sustainability metrics into procurement frameworks as key
enablers for next-generation green logistics.

Research implications and future directions emerge directly from the identified gaps. Four
priority areas are delineated: (1) developing heterogeneous, multi-modal VRP models deeply
fused with CPS-IoT architectures; (2) advancing field-validated algorithmic hybrids combining
deep reinforcement learning and quantum-inspired optimization; (3) designing sustainability-
centric models that integrate social equity dimensions alongside economic and environmental
objectives; and (4) conducting longitudinal studies to assess the impact of these integrations on
end-to-end supply chain resilience.

Conclusions

This SLR transcends a mere synthesis by diagnosing a core limitation in the current literature:
the under-explored potential for Industry 4.0 to architecturally redefine VRP. In response, it
contributes a three-dimensional conceptual framework that serves as both an analytical tool for
understanding the state-of-the-art and a strategic roadmap for future work. By framing the
evolution from technology-as-tool to technology-as-paradigm, this review provides scholars
and practitioners with a structured foundation for advancing towards truly intelligent, adaptive,

and sustainable logistics systems.
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