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This article develops a comprehensive, publication-ready framework for managing
pharmaceutical cold chain logistics with a focus on temperature integrity, risk
monitoring, and low-carbon routing. Drawing strictly from the provided literature on
environmental monitoring, Internet-of-Things (IoT) systems, radio-frequency
identification (RFID), machine learning applications, and green logistics strategies
(WHO, 2015; Yan & Lee, 2009; Aung & Chang, 2023; Tinytag, 2023; Mohanraj et al,,
2019; Chowdhury, 2025; Tsang et al, 2018; MadgeTech, 2014; AKCP, 2023; FedEx,
2024; DHL, 2024; Jovanovic etal.,, 2022; Shi et al,, 2022; Chen etal., 2021; Li & Li, 2023;
Zhangetal, 2021; Guo et al,, 2022; Liu et al., 2020; Ren et al., 2021; Song et al., 2020),
the paper synthesizes empirical and theoretical insights into a unified model that
addresses operational reliability, regulatory compliance, sustainability, and decision-
making under uncertainty. The framework emphasizes four interlinked components:
(1) rigorous fixed-area environmental monitoring aligned with international
standards (WHO, 2015; MadgeTech, 2014), (2) IoT-enabled risk detection and data-
driven alerting mechanisms (Tsang et al., 2018; Mohanraj et al,, 2019; Yan & Lee,
2009), (3) application of machine learning for anomaly detection and quality
assurance (Chowdhury, 2025; Ren et al, 2021), and (4) routing and scheduling
optimization that internalizes carbon emissions and traffic dynamics (Shi et al., 2022;
Chenetal, 2021; Guoetal, 2022; Liu etal,, 2020). A detailed methodological approach
is presented describing how systems integration, data governance, and multi-
objective optimization can be operationalized in pharmaceutical distribution
networks. The results section offers descriptive analyses of how each component
contributes to reduced spoilage risk, improved traceability, and lower carbon
footprints, supported by the literature. Limitations, such as data quality constraints,
technology interoperability, and regulatory heterogeneity, are acknowledged and
translated into a research agenda and actionable managerial recommendations. The
article concludes by articulating how combining temperature-focused compliance
measures with digital risk monitoring and low-carbon logistics strategies yields
resilient, compliant, and sustainable pharmaceutical cold chains compatible with
modern supply chain objectives (WHO, 2015; FedEx, 2024; DHL, 2024).
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INTRODUCTION

The pharmaceutical cold chain represents a critical

subset of global logistics
temperature control

product efficacy, patient safety, and public health
outcomes (WHO, 2015). Preserving the temperature

integrity of medicines,
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where
can directly compromise

vaccines,

temperature-sensitive health commodities
throughout storage and transport is mandated by
international guidance and forms the backbone of
quality assurance for pharmaceutical distribution
(WHO, 2015). Despite the clear stakes, modern
pharmaceutical supply chains face multifaceted
increasing demand for speed and

visibility, the need to reduce environmental impacts,

failure in

pressures:
and other
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and the proliferation of digital technologies that
offer promise but also introduce complexity (Shi et
al, 2022; FedEx, 2024; DHL, 2024). The literature
reflects  parallel technological
development:  hardware-centered = monitoring
solutions for fixed storage areas and refrigerated
transport (WHO, 2015; MadgeTech, 2014; AKCP,
2023; Tinytag, 2023), wireless sensing and RFID
solutions for extended visibility (Yan & Lee, 2009;
Tsang et al., 2018), and advanced analytical methods
— including machine learning and large-scale graph
mining — to detect risk and optimize logistics
(Chowdhury, 2025; Ren et al,, 2021).

This article addresses an integrative research gap:
while studies document individual components (e.g.,
[oT-based monitoring systems, or
routing models) in isolation (Yan & Lee, 2009; Shi et
al, 2022), there is comparatively less rigorous
synthesis that maps how temperature-compliance
mechanisms, digital risk monitoring, and sustainable
routing interact within a single operational design
for pharmaceutical cold chains. By synthesizing
regulatory  guidance, best-practices,
academic models for routing and emissions, and
empirical advancements in IoT and machine
learning for cold chain surveillance, this paper
constructs a practical and theoretically coherent
framework. The core problem addressed is the
fragmentation of cold chain governance: disparate
monitoring systems, inconsistent data standards,
and siloed optimization goals often lead to
suboptimal that either compromise
product safety or increase carbon intensity (WHO,
2015; Li & Li, 2023; Chen et al,, 2021).

The motivation for the integrated framework stems
from three imperatives. First, ensuring continuous
compliance with temperature standards across fixed
storage areas and in-transit locations is necessary to
avoid product degradation and regulatory sanctions
(WHO, 2015; MadgeTech, 2014). Second, the
proliferation of IoT and RFID devices offers
unprecedented visibility and enables real-time risk
monitoring, yet it raises questions about data
quality, false alarms, and interpretability (Yan & Lee,
2009; Tsang et al, 2018; Mohanraj et al, 2019).
Third, the climate imperative requires the cold chain
sector to reduce emissions through intelligent
scheduling and routing decisions that explicitly
consider traffic dynamics, energy consumption, and
carbon trading mechanisms (Shi et al., 2022; Chen et
al, 2021; Liu et al, 2020). Each imperative is
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streams  of

low-carbon

vendor

decisions

necessary but insufficient on its own; only their
deliberate deliver
compliant, and sustainable pharmaceutical logistics.
is threefold.
Conceptually, it offers a systems-level architecture

integration can resilient,

The contribution of this paper

that links environmental monitoring protocols, IoT-
enabled risk detection, machine learning-based
anomaly classification, and multi-objective route
optimization that
Methodologically, it articulates a sequence of

internalizes carbon costs.
implementation steps and decision rules that
warehouse and logistics managers can use to
operationalize the framework. Practically, the article
translates complex trade-offs among compliance,
cost, and sustainability into an actionable set of
recommendations supported by the literature
(WHO, 2015; FedEx, 2024; DHL, 2024; Shi et al,
2022). This integrated approach aims to reduce
spoilage, enhance traceability, and lower emissions
simultaneously — outcomes aligned with both
public health and corporate sustainability goals.

METHODOLOGY

The methodology described here is qualitative-
analytical and prescriptive: it synthesizes directives,
practices, system architectures, and
optimization models described in the literature to
specify how an integrated cold chain system should
be constructed, governed, and evaluated. The

vendor

methodological exposition is intentionally text-
based and operational, reflecting the requirement to
avoid visual or mathematical elements and to
explain approaches fully by narrative.

Overview of the integrated design approach

The integrated design consists of four core modules:
environmental compliance for fixed storage, IoT-
based in-supply-chain monitoring, data analytics
and machine learning for risk assessment, and
routing & scheduling optimization with carbon
considerations. Each module is described in detail,
including hardware and software components, data
flows, governance mechanisms, and decision rules
for escalation.

Module 1 — Environmental compliance for fixed
storage areas

International guidance indicates that fixed storage
areas require continuous temperature and humidity
monitoring, appropriately located sensors, periodic
calibration, and systematic documentation (WHO,
2015). This module stipulates the following
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operational elements: sensor placement based on
airflow and thermal mapping; redundant logging
devices to ensure data availability in case of sensor
failure; periodic calibration schedules and traceable
calibration records; and threshold-based alarms
consistent with pharmaceutical specifications.
Practical vendor resources emphasize the need for
mapping and zoning procedures that identify hot
spots within warehouses and sample points for data
collection (MadgeTech, 2014; Tinytag, 2023; AKCP,
2023). The module thus prescribes a governance
protocol: initial qualification of storage areas
through thermal mapping, installation of multi-
sensor arrays with overlapping coverage, scheduled
calibration, and a documented corrective action plan
for excursions. These provisions align with WHO
guidance on monitoring fixed storage areas and
mapping for good manufacturing and distribution
practices (WHO, 2015; MadgeTech, 2014).

Module 2 — IoT and RFID for in-transit and
warehouse monitoring

Extending visibility beyond fixed facilities requires
wireless networks, battery-optimized sensors, and
identification systems such as RFID that can persist
through handling events (Yan & Lee, 2009; Tsang et
al, 2018). Based on the literature, the module
specifies a layered sensing architecture: short-range
data loggers for specific pallets and packages;
medium-range wireless access points that aggregate
data from multiple sensors; and cloud-based
aggregation for enterprise-level visibility (Mohanraj
et al, 2019; Yan & Lee, 2009). The architecture
emphasizes end-to-end identification — using RFID
for asset and package identification — combined
with temperature logging at the package level.
Vendor literature underscores that practical
implementation must account for battery life,
wireless propagation in refrigerated containers, and
the physical stresses of transport (AKCP, 2023;
Tinytag, 2023). The module prescribes minimum
technical specifications derived from these sources:
sample intervals that balance battery life and
detection sensitivity, encryption and authentication
for wireless data streams, and persistent identifiers
for chain-of-custody tracking (Yan & Lee, 2009;
Tsang et al,, 2018).

Module 3 — Data governance and machine learning
for anomaly detection and compliance assurance
Data collected from IoT devices can be voluminous
and noisy. Machine learning methods offer potential
to detect anomalous patterns that human operators
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might miss while reducing false alarms (Chowdhury,
2025; Ren et al, 2021). This module outlines an
approach to data governance and analytics that
emphasizes data quality, labeling,
interpretability, and regulatory traceability. Key
steps include: data ingestion pipelines that perform
timestamp alignment and
correction; an audit trail that links data to devices
and calibration records; supervised and

model

sensor calibration

unsupervised learning pipelines for anomaly
detection; and  human-in-the-loop  decision
frameworks for high-consequence alerts

(Chowdhury, 2025; Ren et al,, 2021). The literature
suggests multiple model classes are appropriate:
statistical control charts and thresholds for well-
understood behaviors, clustering and density
estimation for emergent patterns, and supervised
classification when Ilabeled failure modes are
available (Ren et al., 2021; Song et al.,, 2020). The
module prescribes conservative governance: model
explainability to satisfy regulatory inspectors,
versioned model artifacts, and post-hoc validation
processes to confirm model outputs against physical
inspections.

Module 4 — Routing, scheduling, and low-carbon
optimization

Routing and scheduling impact both product quality
(through transit time and exposure risk) and
emissions (through vehicle utilization and traffic-
induced inefficiencies) (Shi et al., 2022; Chen et al,,
2021; Guo et al., 2022; Liu et al,, 2020). This module
outlines a multi-objective optimization paradigm
where delivery time windows, traffic congestion,
energy  consumption, and trading
mechanisms are jointly considered. The approach
recommends segmentation of deliveries by shelf-life
sensitivity, use of time-dependent travel time
estimates to account for congestion, and inclusion of
carbon costs or constraints in the objective function
(Chen et al, 2021; Guo et al,, 2022). Importantly,
routing decisions should be integrated with the
monitoring system to enable dynamic rerouting or
hold decisions temperature
deviations threaten product integrity (Shi et al,
2022; Liu et al, 2020). The operationalization
requires near-real-time traffic and sensor feeds, pre-
planned contingency routes, and
arrangements with carriers that accommodate
adaptive dispatch and exception handling (DHL,
2024; FedEx, 2024).

Integration and decision rules

carbon

when in-transit

contractual
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Integration across modules is achieved through a
layered data architecture and an escalation policy.
The data architecture standardizes timestamps,
device identifiers, and message schemas; the
escalation policy defines graded responses based on
the severity and duration of temperature excursions
and the product’s sensitivity. For example, short,
minor excursions may trigger increased sampling
frequency and local corrective actions, while
prolonged excursions or excursions involving highly
sensitive products should prompt rerouting, return-
to-sender, or quarantine procedures. These decision
rules should be codified and tested via simulated
scenarios informed by vendor case studies and
academic modeling (MadgeTech, 2014; Yan & Lee,
2009; Song et al., 2020).

Evaluation metrics and validation strategy
Evaluating the integrated system requires
composite metrics that capture compliance, logistics
efficiency, and impact. Key
compliance metrics include percentage of time-in-
range for temperature-sensitive products and the
of wvalidated excursions per million
shipments (WHO, 2015; MadgeTech, 2014).
Logistics efficiency metrics include on-time delivery
rates, average transit duration for time-sensitive
deliveries, and exception handling lead time (FedEx,
2024; DHL, 2024). Environmental metrics include
total CO,-equivalent emissions per shipment and
emissions per unit of product delivered considering
vehicle load factors and route selection (Shi et al,,
2022; Guo et al, 2022). Validation blends
retrospective data analysis, controlled pilot
deployments, and stress-testing under simulated
failure modes to assess system robustness (Ren et
al,, 2021; Song et al., 2020).

Ethical, regulatory, and privacy considerations

The methodology emphasizes compliance with data
protection and  pharmaceutical
frameworks. Data governance must ensure patient
privacy is not (even though
temperature logs rarely contain patient data,
associated shipment metadata may include sensitive

environmental

number

regulatory

compromised

information) and that chain-of-custody
documentation meets regulatory inspection
standards (WHO, 2015). The approach also

contemplates the ethical dimensions of trade-offs:
routing for lower emissions should not compromise
timely delivery of critical vaccines or medicines; any
such trade-offs must be explicitly articulated in
service-level agreements
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and ethical decision

frameworks (Li & Li, 2023; Liu et al., 2020).

RESULTS

The Results section presents a descriptive synthesis
of anticipated outcomes when the integrated
framework is deployed. Rather than presenting
empirical data from novel experiments, the results
extrapolate expected improvements based on the
literature and established vendor practices. Each
result is linked to the methodological module from
which it arises, enabling managers and researchers
to trace causality.

Enhanced compliance and reduced temperature
excursions

Implementing rigorous fixed-area environmental
monitoring, combined with IoT-enabled package-
level logging, yields higher detection sensitivity and
faster  corrective responses (WHO, 2015;
MadgeTech, 2014; Yan & Lee, 2009). The literature
suggests that thermal mapping and redundant
sensing reduce undetected hot spots and ensure that
identified early (WHO, 2015;
MadgeTech, 2014). When IoT systems aggregate
package-level logs and correlate them with ambient
warehouse conditions, operators gain the ability to
discriminate between localized package issues and
systemic problems, reducing
unnecessary product destruction due to false
positives (Tsang et al., 2018; Mohanraj et al., 2019).
Therefore, it is reasonable to expect a reduction in
undetected excursions and in unnecessary disposal
events, leading to improved compliance metrics and
lower product loss rates (WHO, 2015; Tinytag,
2023).

Faster, more accurate risk detection through
analytics

Machine learning and advanced analytics improve
anomaly detection beyond simple threshold rules by
capturing contextual signals — such as door-
opening events, latency patterns in sensor reporting,
or correlated deviations across pallet clusters
(Chowdhury, 2025; Ren et al,, 2021). The literature
documents successful use cases where supervised
classifiers and unsupervised clustering identify
atypical behaviors indicative of device failure,
thermal stratification, or transport-induced shocks
(Ren et al,, 2021; Song et al., 2020). Consequently,
organizations that employ these analytics can expect
reduced false alarm rates and a higher signal-to-
noise ratio in alerts, which in turn reduces operator
fatigue and accelerates the time to corrective action

excursions are

environmental
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(Chowdhury, 2025; Tsang et al., 2018).
Improved operational visibility and
custody traceability

Combining RFID identification with continuous or
periodic environmental logging at the package level
enhances traceability across handling events (Yan &
Lee, 2009; Mohanraj et al., 2019). Traceability is not
merely about regulatory documentation; it supports
targeted recalls, analysis of quality
incidents, and equitable attribution of liability
among supply chain actors. The literature shows
that solutions integrating RFID and cloud-based
aggregation can reduce the time to identify and
isolate affected shipments and can streamline recall
procedures (Yan & Lee, 2009; FedEx, 2024). Thus,
organizations that adopt such architectures can
improve their responsiveness to quality incidents
and reduce recall scope by isolating only impacted
lots rather than entire batches.

Environmental benefits from integrated routing and
scheduling

Incorporating routing,
dependent travel times, and carbon metrics into
routing decisions yields reductions in fuel
consumption and greenhouse gas emissions without
sacrificing on-time delivery when properly
configured (Shi et al.,, 2022; Chen et al,, 2021; Guo et
al,, 2022). The literature documents models where
multi-objective optimization reduces emissions
while respecting service windows and product
sensitivity (Shi et al, 2022; Liu et al, 2020). In
practice, combining shorter routes during low-
congestion windows with consolidated loads for less
time-sensitive items reduces per-unit emissions.
Moreover, mechanisms such as carbon trading or
carbon pricing can
incentives toward more efficient driving behaviors
and vehicle utilization (Liu et al., 2020).

Resilience through dynamic decision-making and
contingency planning

An integrated system that fuses real-time sensor
data, predictive analytics, and routing flexibility
enhances the ability to respond dynamically to
unexpected disruptions such as traffic incidents or
refrigeration unit failures (Tsang et al.,, 2018; Shi et
al,, 2022). The literature indicates that systems with
dynamic rerouting capabilities and pre-defined
contingency routes can substantially lower spoilage
risk during in-transit incidents by reducing exposure
time and facilitating rapid transfers to alternative
refrigerated capacity (DHL, 2024; FedEx, 2024).
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chain-of-

forensic

traffic-aware time-

internal reorient carrier

Thus, resilience is not merely a function of
redundant hardware but also of real-time decision-
making frameworks and operational processes that
support agile responses.

Cost and operational trade-offs

While the integrated approach provides clear
quality and environmental benefits, the literature
acknowledges trade-offs in capital and operational
expenditure. IoT deployment, sensor calibration,
and analytics infrastructure upfront
investment and ongoing maintenance (Mohanraj et
al, 2019; AKCP, 2023). However, these costs are
often offset by reductions in product loss, fewer
regulatory non-compliance penalties, and improved
carrier performance that can lower per-shipment
costs over time (WHO, 2015; Tinytag, 2023).
Similarly, routing optimizations that
emissions may require more sophisticated planning
tools and contractual flexibility with carriers,
introducing organizational complexity that must be
managed (Shi et al., 2022; Liu et al.,, 2020).

require

reduce

DISCUSSION

This Discussion elaborates theoretical implications,
practical trade-offs, limitations, and future research
directions derived from the synthesis. It situates the
integrated framework within the broader literature
on supply chain risk management, cyber-physical
systems, and sustainable logistics, and evaluates
how the proposed approach reconciles conflicting
objectives.

Theoretical implications:
visibility, and sustainability
From a theoretical standpoint, the integrated
framework advances the notion that compliance
(ensuring  temperature integrity), visibility
(IoT/RFID-enabled traceability), and sustainability
(low-carbon routing) are interdependent rather
than orthogonal objectives. Prior studies often treat
these aims separately; regulatory guidance for fixed
storage focuses on sensor placement and
documentation (WHO, 2015), vendor literature
concentrates on monitoring hardware and mapping
(MadgeTech, 2014; AKCP, 2023), and academic
research addresses routing and emissions
optimization (Shi et al,, 2022; Chen et al,, 2021). By
articulating linkages — for example, how enhanced
visibility reduces unnecessary returns and thereby
lowers emissions, or how routing decisions modify
exposure risk — this work suggests a systems theory
of cold chain logistics where gains in one dimension

bridging compliance,
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(visibility) catalyze improvements in others
(compliance and sustainability) (Tsang et al., 2018;
Liu et al., 2020).

Decision science and human-in-the-loop governance
The framework underscores the enduring need for
human judgment in high-consequence decisions.
Even the most sophisticated machine learning
models require human oversight, especially where
product safety and regulatory accountability are
paramount (Chowdhury, 2025; Ren et al., 2021). The
literature supports a human-in-the-loop model that
integrates automated detection and prioritization
with human verification for critical alerts (Tsang et
al, 2018). This hybrid model preserves
interpretability for inspectors and provides
operational flexibility — enabling managers to
override automated recommendations based on
contextual knowledge (e.g. visual inspection reports
or supplier reputations) (MadgeTech, 2014; Song et
al.,, 2020).

Interoperability and standards as enablers

A recurrent theme in the
importance of interoperability:
message schemas, timestamp conventions, and
device identifiers significantly reduce integration
costs and improve data quality (Yan & Lee, 2009;
Tsang et al,, 2018). The WHO guidance and vendor
resources implicitly call for common data practices
to ensure auditability and to support cross-
organizational coordination (WHO, 2015;
MadgeTech, 2014). Without interoperability, the
benefits of analytics and routing optimization are
constrained by brittle data adapters and
inconsistent metadata, which increase false alarms
and impair decision-making (Mohanraj et al., 2019).
Sustainability trade-offs and ethical priorities
Integrating low-carbon objectives into routing
raises ethical questions when such objectives
conflict with timely delivery of critical medicines (Li
& Li, 2023; Liu et al., 2020). The literature suggests
several ways to reconcile these tensions: prioritize
critical shipments in routing algorithms while
applying carbon minimization to lower-priority
deliveries; implement internal carbon pricing that
reflects organizational values; and engage in
transparent stakeholder dialogue to establish
acceptable trade-offs (Shi et al., 2022; Chen et al,,
2021). Ethically, systems should be designed so that
carbon reduction does not undermine patient
outcomes — a constraint that must be explicit in
optimization formulations and operational policies
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is the
standardized

literature

(Liu et al., 2020).

Limitations and practical constraints

Several limitations constrain the framework’s
immediate applicability. First, sensor and IoT
deployments can suffer from data gaps due to
battery depletion, wireless dead zones, or device
damage during handling (AKCP, 2023; Tinytag,
2023). Second, model performance for anomaly
detection depends heavily on labeled data, which
may be scarce for rare but consequential failure
modes; synthetic or adversarial approaches can
supplement training data but may not capture real-
world complexity (Chowdhury, 2025; Ren et al,
2021). Third, the heterogeneity of regulatory
regimes jurisdictions complicates the
standardization of monitoring protocols and
(WHO, 2015). Fourth,
implementing time-dependent routing that accesses
live traffic data requires integration with external
data providers and legal arrangements —
introducing dependencies and potential costs (Chen
etal,, 2021; Shi et al., 2022).
Future research directions
The synthesis suggests
research. One urgent area is empirical validation:
pilot implementations that measure the integrated
impact on temperature
excursions, spoilage rates, and emissions would
provide critical evidence for broader adoption
(FedEx, 2024; DHL, 2024). Another area is the
development of standardized, open data schemas for
cold chain monitoring to facilitate interoperability
and comparative benchmarking across
organizations (Yan & Lee, 2009; WHO, 2015).
Research on robust machine learning techniques
that handle sparse
adversarial data corruption would strengthen
anomaly detection in high-stakes contexts
(Chowdhury, 2025; Ren et al., 2021). Finally, socio-
technical that examine organizational
change, labor implications, and contractual models
for carrier collaboration in dynamic routing and
emissions reduction are essential to move from
theory to practice (Shi et al,, 2022; Liu et al., 2020).
Managerial implications and
recommendations

acCross

documentation formats

several avenues for

framework’s actual

failure-mode labels and

studies

actionable

For practitioners, the literature supports a sequence
of pragmatic steps. Begin with thermal mapping and
qualification of fixed storage areas to establish
baseline compliance and to identify sensor locations
(WHO, 2015; MadgeTech, 2014). Deploy a layered
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sensing architecture that pairs package-level loggers
with ambient warehouse sensors and robust
aggregation to
insights with systemic visibility (Tinytag, 2023;
AKCP, 2023). Implement conservative, explainable
analytics with human-in-the-loop verification to

wireless combine fine-grained

minimize false positives and to maintain regulatory
traceability (Chowdhury, 2025; Ren et al., 2021).
Integrate routing and scheduling optimization with
monitoring feeds to enable dynamic responses to in-
transit incidents and to incorporate carbon metrics
as an operational KPI (Shi et al,, 2022; Chen et al,,
2021). Finally, invest in interoperability and data
governance to ensure that systems remain auditable
and that cross-organizational information flows are
reliable (Yan & Lee, 2009; Tsang et al., 2018).

CONCLUSION

This article presents an integrated framework for
pharmaceutical cold chain logistics that aligns
IoT-enabled visibility,
machine learning-based risk assessment, and low-

temperature compliance,

carbon routing. The synthesis establishes that these
components are mutually reinforcing: enhanced
visibility facilitates targeted corrective actions,
which reduces spoilage and unnecessary returns;
analytics improve detection accuracy and prioritize
human attention;
internalize emissions can reduce environmental
impact without compromising compliance when
ethical
explicitly encoded. The framework addresses key
operational challenges highlighted in the literature
— from temperature monitoring in fixed storage
(WHO, 2015; MadgeTech, 2014) to RFID-enabled
package tracking (Yan & Lee, 2009), IoT risk
monitoring (Tsang et al., 2018), advanced analytics
(Chowdhury, 2025), and sustainable routing (Shi et
al, 2022; Chen et al, 2021). Practical
implementation requires attention to
interoperability, data quality, model governance,
and organizational change management. Limitations
include data sparsity for rare failure modes, sensor
reliability challenges, and cross-jurisdictional
regulatory heterogeneity. Future research should

and routing strategies that

constraints and service priorities are

empirically validate the integrated framework in
field pilots, develop robust learning techniques for
scarce-event detection, and advance interoperability
standards for cold chain data. In synthesizing
compliance, visibility, and sustainability, the article
aims to guide both scholars and practitioners toward

|69

resilient, accountable, and environmentally
responsible pharmaceutical cold chains.
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