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Abstract

Temperature excursions in the logistics of biologics can lead to reduced efficacy and safety of
temperature-sensitive pharmaceuticals. This paper presents a scalable and auditable real-time
analytics architecture for cold chain monitoring using IoT sensors, Azure Synapse Analytics,
and SAP HANA. The integrated solution ingests high-frequency telemetry data, detects
anomalies using time-series analytics, and enables sub-2-second alerting in compliance with
regulatory standards such as FDA 21 CFR 203 and WHO GDP. Empirical results show a 32%
reduction in temperature excursions, demonstrating improved compliance, supply chain
visibility, and product integrity.
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I.  INTRODUCTION
Biologics such as vaccines, insulin, and monoclonal antibodies are temperature sensitive
pharmaceutical products whose efficacy and safety depend on strict temperature control during
manufacturing, transportation, and storage. Even minor deviations in temperature, termed
'excursions', can degrade product quality and result in loss of potency, rendering them unsafe
or ineffective for patients. Cold chain logistics, therefore, play a vital role in pharmaceutical
supply chains.

Current methods of cold chain monitoring often rely on passive logging or batch data uploads,
which lack the ability to detect and respond to real-time anomalies. As the global distribution of
biologics increases, especially in pandemic scenarios, it becomes imperative to implement real-
time, scalable, and regulatory-compliant monitoring systems.

This paper presents an integrated cold chain analytics framework using IoT sensors, Azure
Synapse Analytics, and SAP HANA. The proposed solution offers real-time visibility into
supply chain conditions, intelligent alerting mechanisms, and support for regulatory audit
readiness.
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II. BACKGROUND AND RELATED WORK
Existing literature has addressed cold chain challenges through sensor deployment, route
optimization, and temperature loggers. However, many of these systems lack the ability to
process streaming data in real-time or are siloed from enterprise analytics platforms.

Past research gaps include:
¢ Limited adoption of cloud-native analytics architectures: While numerous studies have
explored sensor-based cold chain monitoring, most implementations rely on on-premise
or hybrid systems that lack elasticity and global scalability. This limits the ability to
handle high-velocity, multi-regional IoT telemetry without compromising performance
or availability.
¢ No integration of time-series AI/ML anomaly detection: Existing systems often depend
on static threshold alerts, which fail to capture subtle or evolving temperature trends.
The absence of predictive modeling—such as Holt-Winters, ARIMA, or deep learning
models —means anomalies are frequently detected too late for corrective action.
¢ Non-compliance with end-to-end auditability mandates from WHO and FDA: Many
solutions do not enforce stringent, automated audit trail creation across ingestion,
processing, and storage layers. Without immutable, time-stamped logs and metadata
governance, compliance with WHO GDP and FDA 21 CFR requirements remains
inconsistent.
These gaps create a need for an integrated, real-time architecture that not only processes high-
frequency data but also applies predictive intelligence while maintaining a verifiable
compliance posture across the entire data lifecycle.

This study proposes a real-time data analytics pipeline that integrates IoT sensor data with
Azure Synapse and SAP HANA, bringing visibility, automation, and regulatory alignment to
cold chain operations.

III. METHODOLOGY

3.1 System Architecture

[IoT Sensors] — [Azure IoT Hub] — [Stream Analytics Job] — [Azure Synapse Analytics] —
[SAP HANA (Real-time BI)]

* JoT Sensors: Monitor temperature, humidity, vibration, and geolocation every 30 seconds.

* Azure loT Hub: Secure ingestion of telemetry data.

* Azure Stream Analytics: Real-time transformation and routing of sensor data.

* Azure Synapse: Stores data for batch analytics, regulatory reporting, and audit trails.

* SAP HANA: Visual dashboards, KPI tracking, and compliance reporting.

3.2 Analytical Components
1. Time-Series Anomaly Detection:
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e BERT-based classifiers for semantic anomaly interpretation.
e Holt-Winters and ARIMA models used for predictive trend deviations.
e Integrated with Synapse ML for streaming inference.

2. Rule-Based Alerting:
¢ Real-time logic: Temp >8°C or <2°C sustained over 5 minutes triggers an alert.
e Escalations routed to logistics operators and recorded in SAP BI dashboards.

3. Compliance Alignment:
e WHO GDP and FDA 21 CFR Part 11/203 logs structured via Azure Purview and SAP
metadata.

e Time-stamped sensor logs and digital audit trails preserved for 5 years as per regulatory
guidelines.

IV. RESULTS AND ANALYSIS

The proposed architecture was evaluated over a 30-day simulation involving biologic
shipments across 4 continents with over 1.2 million data points from 120 IoT devices.
Downstream logistics data integrated with SAP HANA showed faster root-cause identification
of temperature spikes. Key metrics were compared before and after system deployment.

e Excursions dropped from 100 baseline incidents to 68, that’s a 32% reduction.
e Mean alert latency improved from 5 seconds to under 2 seconds.

e Compliance metric (audit-ready logs) improved from 84% to 98% coverage.
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Figure 1. Real-time Cold Chain Monitoring Results (Excursion Reduction and Latency
Improvements) (adapted from Microsoft Azure [3])
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V. DISCUSSION
The real-time integration of IoT data with enterprise analytics improves both operational agility
and regulatory compliance. By providing live telemetry, predictive anomaly detection, and
automated alerts, logistics teams can intervene proactively, reducing spoilage and improving
patient safety.

Key implications include:
e Scalability: Azure IoT and Synapse can support global telemetry across thousands of
shipments.
e Interoperability: SAP HANA enables cross-functional integration with ERP, QMS, and
compliance workflows.
e Compliance: Automated logging and alerting reduce human error.
e ROI: Reduced spoilage and regulatory penalties translate to improved profitability.

Challenges include ensuring end-to-end data integrity over unstable mobile networks,
particularly in transcontinental or last-mile delivery segments where connectivity may be
intermittent. Packet loss, delayed telemetry, or data corruption can result in incomplete records,
undermining both real-time monitoring and regulatory audit trails. Mitigation strategies may
include edge computing for local buffering, redundant transmission protocols, and blockchain-
backed verification for critical data points.

Another key challenge is calibration drift in IoT sensors, which can occur gradually due to
environmental stress, mechanical wear, or component aging. This drift can produce false
positives or missed anomalies, reducing trust in the monitoring system. Future development
should focus on implementing self-calibration algorithms, automated recalibration triggers
based on reference readings, and predictive maintenance scheduling using ML models to detect
drift trends before they impact data quality.

Addressing these challenges will be critical for expanding the architecture’s reliability, accuracy,
and regulatory robustness across diverse global cold chain environments.

VI. CONCLUSION

1. This paper presented a real-time, cloud-native architecture for monitoring the cold chain
of biologics.

2. By integrating IoT telemetry with Azure Synapse and SAP HANA, organizations can
detect anomalies faster, reduce temperature excursions, and ensure compliance with
global distribution standards.

3. The solution demonstrates tangible operational improvements and is scalable across
global networks.

4. Future work includes expanding sensor types to monitor shock/vibration, and applying
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generative Al to predict shipment risk profiles in advance.

5. The study highlights the importance of predictive anomaly detection techniques such as
ARIMA and Holt-Winters models to improve early warning systems in pharmaceutical
logistics.

6. Regulatory compliance was significantly enhanced by automated audit trails,
supporting FDA 21 CFR and WHO GDP standards.

7. Challenges such as IoT sensor calibration drift and data loss during transit were
identified, with proposed solutions including self-calibration algorithms and edge
computing.

8. The findings contribute to the broader digital transformation of healthcare logistics,
offering a scalable model for global distribution of biologics.
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