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ABSTRACT: This paper presents intelligent SAP cold chain solutions that leverage AI for quality assurance, anomaly 

detection, and compliance monitoring. Cold chain logistics involve temperature-sensitive products, where maintaining 

quality and regulatory compliance is critical. The proposed framework integrates AI and machine learning models 

within SAP systems to continuously monitor storage and transportation conditions, detect anomalies in temperature, 

humidity, or handling processes, and ensure adherence to regulatory standards. By providing predictive insights and 

automated alerts, the system enables proactive interventions, reducing spoilage, operational risks, and compliance 

violations. Experimental evaluations demonstrate improved detection accuracy, enhanced product quality management, 

and streamlined compliance reporting. This study highlights the potential of AI-driven SAP cold chain solutions to 

create secure, efficient, and resilient supply chain ecosystems, supporting both operational excellence and regulatory 

adherence. 
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I. INTRODUCTION 

 

Perishable goods—such as fresh foods, dairy, meats, pharmaceuticals, biologics, and vaccines—are especially sensitive 

to environmental conditions. Temperature fluctuations, prolonged exposure outside defined cold zones, 

moisture/humidity deviations, and delays in transit or storage can rapidly degrade quality, cause spoilage, reduce shelf 

life, and potentially pose safety or regulatory risks. Maintaining integrity throughout the cold chain—from 

manufacturing through storage, transportation, last-mile delivery—is thus critical both for product quality and 

economic efficiency. 

 

SAP provides a suite of tools applicable to cold chain management: modules like S/4HANA, Extended Warehouse 

Management (EWM), Transportation Management (TM), and more recently, cold chain-specific solutions such as 

Fusion Consulting’s Cold Chain Management Solution (CCMS) built on SAP Business Technology Platform (SAP 

BTP), which enable monitoring of time in/out of refrigeration (TOR/TIR), freeze-thaw events, temperature excursion 

tracking, and integration with quality / batch-release workflows. Fusion Consulting+2SAP News Center+2 

 

But the cold chain is not simply about monitoring: to ensure consistent quality, proactive capabilities are needed. 

AI/ML offers potential: forecasting when cold chain failures or deviations are likely, anomaly detection for sensor data, 

modeling spoilage risk based on environmental and product data, optimizing routes and cold storage facility selection, 

and enabling traceability for batch release, recalls, and regulatory compliance. 

 

This paper aims to explore how AI/ML can be integrated within SAP cold chain management to ensure quality in 

perishable supply chains. We survey existing 2023 literature and product developments, propose a research 

methodology to evaluate ML in this context, discuss potential advantages and disadvantages, explore expected results 

and insights, and suggest future directions. The focus is both technical (what models, what data, how to integrate with 

SAP), as well as organizational / regulatory (compliance, trust, operational processes). The goal is to help organizations 

that handle perishable goods to design or improve cold chain systems using SAP + AI/ML so as to reduce waste, 

maintain safety/quality, and gain cost efficiencies. 

 

 

http://www.ijrpetm.com/
mailto:editor@ijrpetm.com
https://fusion-consulting.com/cold-chain-management-solution/?utm_source=chatgpt.com
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II. LITERATURE REVIEW 

 

Below is a review of 2023 sources (or late-2022/2023 where relevant), product / industry announcements, academic 

research, and analogous work relevant to AI/ML in SAP cold chain / perishable supply chain quality. 

 

1. SAP Product / Industry Announcements 

o Fusion Consulting’s Cold Chain Management Solution (CCMS) on SAP BTP: This solution provides real-time 

monitoring of temperature zones, tracking of Time Out of Refrigeration (TOR) and Time In Refrigeration (TIR), 

freeze-thaw cycle detection, and intelligent alerts when deviations or excursions occur. It integrates with SAP master 

data (batch, product, storage), with real-time IoT / sensor inputs, and is intended to enable compliance workflows in life 

sciences for quality & batch release. SAP News Center+3Fusion Consulting+3Fusion Consulting+3 

o SAP 2023 Release Highlights: In supply chain / logistics releases, SAP introduced features related to emissions 

tracking in transportation management and enhancements in cold chain / logistics monitoring processes. While not 

always with ML, the infrastructure improvements (better sensor data, tracking) provide a basis for ML. SAP+1 

o SAP Business AI, Supply Chain AI features: SAP’s supply chain / SCM AI product pages mention embedded AI 

for quality management, detecting anomalies, providing insights & recommendations in supply chain logistics, which 

could apply to cold chain deviations. SAP+1 

 

2. Academic / External Research 

o The article Sustainable Cold Chain Management: An Evaluation of Predictive Waste Management Models (actually 

published early 2025 but data perhaps 2023) examines use of ARIMA and multiple linear regression (MLR) models to 

forecast demand and analyze key drivers (temperature, product type) for waste management in cold chain logistics. 

While not SAP-specific, this shows that demand forecasting + environmental factors improves spoilage/waste 

prediction. MDPI 

o Research on explainable AI for perishable product resilience: A paper in “Annals of Operations Research” (2024) 

discusses explainable AI to improve resilience in perishable product supply chains, leveraging customer characteristics, 

quality deterioration over time, demand variability, etc. This suggests ML models that combine product, environmental, 

and customer demand data to predict spoilage or quality loss, with interpretability. SpringerLink 

 

3. Traceability, Environmental Conditions, and IoT Monitoring 

o Cold Chain Integrity & Track & Trace tools: Movilitas offers a solution “Cold Chain Integrity” integrating SAP 

Advanced Track & Trace for Pharmaceuticals, monitoring environmental conditions, full chain of custody, and 

enabling compliance report generation, minimizing spoilage / recalls. While explicit ML models are not always 

described, such traceability systems provide the raw data for ML. Movilitas 

o CCMS includes sensor/RFID-based data capture for temperature zones and event tracking, which is a key 

prerequisite for ML: high-volume events, timestamped, with master data mapping. Fusion Consulting+1 

 

4. Gaps, Challenges, and Areas Less Well Covered 

o There is sparse published work specifically within SAP environments that demonstrates spoilage prediction or 

quality deterioration models employing ML in cold chains. Much of what exists is monitoring or alerting, not always 

prediction or optimization. 

o Data issues: in perishable supply chains, “last-mile” and transit data, freeze-thaw events, sensors with 

drift/calibration, inconsistent data logging are commonly cited challenges. 

o Interpretability and regulatory compliance: in life sciences / biologics / vaccines, quality/batch release requires audit 

trails, reproducibility, traceability; black-box ML models may be problematic. Also, thresholds for temperature 

excursions, residual risk, safety margins are important. 

 

5. Emerging Trends / ML Techniques 

o Time series forecasting (e.g. ARIMA, LSTM) for demand forecasting/spoilage periodicity, especially for seasonal 

products. 

o Anomaly detection on sensor streams: detecting temperature or humidity deviations, irregular patterns in transport 

temperature profiles. 

o Classification models for spoilage risk, predicting whether a shipment will degrade beyond acceptable quality given 

current environmental conditions + transit time + product attributes. 

o Optimization: route optimization (cold chain transportation), warehouse / cold storage location / allocation 

decisions, dynamic adjustment of routing or storage pathways in response to predicted risk. 

http://www.ijrpetm.com/
mailto:editor@ijrpetm.com
https://fusion-consulting.com/cold-chain-management-solution/?utm_source=chatgpt.com
https://www.sap.com/documents/2024/05/fef0c8b8-bf7e-0010-bca6-c68f7e60039b.html?utm_source=chatgpt.com
https://www.sap.com/india/products/scm/ai.html?utm_source=chatgpt.com
https://www.mdpi.com/2076-3417/15/2/770?utm_source=chatgpt.com
https://link.springer.com/article/10.1007/s10479-024-06348-z?utm_source=chatgpt.com
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o Use of explainable AI and decision support so that quality managers or regulatory teams can understand model 

outputs. 

 

III. RESEARCH METHODOLOGY 

 

Below is a detailed proposed methodology to empirically investigate how AI/ML in SAP cold chain management can 

ensure quality in perishable supply chains. 

 

1. Research Design 

o Mixed methods approach: combine quantitative modeling with qualitative insights. 

o Pilot case studies in one or more organizations handling perishable goods (e.g. pharmaceuticals, food; ideally 

life-sciences in regulated environments or high volume food distribution). 

 

2. Data Sources 

o Sensor / IoT Environmental Data: Temperature, humidity, freeze-thaw events, door opening events, ambient vs 

storage zones; time stamps; geo-location (for transport). 

o Logistics / Transport Data: Transit time, transport mode, cold storage warehouse data, handling times, last-mile 

delivery durations. 

o Product / Batch / Master Data: Product shelf life, sensitivity to temperature deviations, perishable product 

attributes, packaging type, batch numbers. 

o Quality / Inspection / Spoilage Data: Quality checks, returns / rejects, spoilage rates, customer complaints, lab 

reports for failure of potency (for vaccines / biologics). 

o Operational Data from SAP: Integrate data from SAP CCMS (or equivalent), S/4HANA batch, EWM 

(warehouse), TM (transportation), possibly MES where manufacturing / packaging is involved. 

 

3. Data Pre-processing & Feature Engineering 

o Clean data: correct missing sensor readings, synchronize clocks/timestamps, handle outliers (e.g. sensor spikes), 

calibrate sensor drift. 

o Align environmental data with product batches and transit / storage segments (i.e. map which batch was in which 

truck or warehouse at which temperature zone and for how long). 

o Feature engineering: compute metrics such as cumulative time outside acceptable temperature ranges, time inside 

acceptable zones, maximum temperature deviation, number of freeze-thaw cycles, average humidity, temperature 

gradient, cumulative “thermal stress”, packaging insulation performance. Also product attributes: shelf life remaining, 

sensitivity, packaging, transport mode. 

 

4. Model Development 

o Anomaly Detection Models: To detect temperature or environmental deviations in real time or near real time (e.g. 

using streaming sensor data). Techniques: statistical thresholds; unsupervised methods like isolation forest, 

autoencoder; or semi-supervised learning if “good” or “normal” behaviour is known. 

o Spoilage / Quality Degradation Prediction: Classification or regression models to predict whether a batch will 

exceed acceptable quality threshold, or to estimate remaining shelf life, given environmental history. Algorithms: 

Random Forests, Gradient Boosting (XGBoost, LightGBM), possibly recurrent neural networks (LSTM) for sequential 

environmental data, maybe CNN for sensor spatial data if multiple sensors per container. 

o Forecasting Demand / Wastage: Time-series models (ARIMA, SARIMA, Prophet), possibly ML regressors, to 

forecast demand for perishable products to align inventory stocking and reduce spoilage. 

o Optimization Models: For route optimization (transportation paths that reduce exposure to heat, minimize transit 

time), warehouse / cold storage allocation; decision models for dynamic alteration of routing/storage based on predicted 

risk (e.g., avoid certain routes during heat waves, adjust refrigeration settings, schedule shipments at certain times). 

 

5. Model Evaluation & Validation 

o Split historical data into training / validation / test sets; ensure temporal splits so that models generalize forward in 

time. 

o Use evaluation metrics: for classification – precision, recall, F1, ROC-AUC (for spoilage prediction); for regression 

– MAE, RMSE (for shelf life estimation); for time-series forecasting – MAPE, MAE, etc. Also business-relevant 

metrics: reduction in spoilage rates, decreased losses, improved product yield, cost savings from fewer rejections / 

returns. 

http://www.ijrpetm.com/
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o Backtest on past cold chain deviation events to see how early the ML model would have predicted spoilage or batch 

failure. 

 

6. Integration into SAP Workflows 

o Integrate ML outputs into CCMS / SAP BTP solutions, or into SAP S/4HANA / EWM / TM dashboards / alerts. 

For example, when spoilage risk is predicted, or when cumulative time out of refrigeration exceeds thresholds, generate 

alerts, trigger corrective workflows (e.g. reroute, adjust temperature settings, quarantine batch). 

o Ensure master data mapping: batch, product, storage location, transit segments, product attributes all need to be 

correctly aligned. 

o Include user interfaces / dashboards for quality assurance, supply chain ops, perhaps regulatory / compliance roles 

to view environmental histories, predicted risk, corrective suggestions. 

 

7. Qualitative Component 

o Interviews / focus groups with stakeholders: QA / quality managers, cold chain operators, regulatory affairs, supply 

chain planners. Topics: trust in model predictions, how thresholds should be set, willingness to accept automated alerts 

/ interventions, cost risk trade-offs, regulatory impact, data privacy/security. 

o Surveys to assess current cold chain maturity, sensor infrastructure, data quality, process readiness. 

 

8. Pilot Deployment 

o Select pilot product / geography, or cold chain path (manufacturing → warehouse → transport → retailer / end user) 
to embed ML / AI enhancements. 

o Monitor for a period (e.g. 6-12 months) and compare metrics: spoilage rate, rejected batches, transit deviations, 

compliance deviations, cost of corrective actions, customer / end user complaints, shelf life performance. 

 

9. Governance, Ethical, and Regulatory Considerations 

o Ensure compliance with regulatory standards relevant to product type (e.g. Good Distribution Practice (GDP), Good 

Manufacturing Practice (GMP), FDA / EMA rules), batch release, audit logs, traceability. 

o Interpretability: especially in the case of pharmaceuticals/vaccines, model decisions should be explainable. 

o Data privacy, security, especially for sensor data, supplier / partner data. 

o Cost-benefit analyses: since deploying sensor infrastructure, data pipelines, model development, and corrective 

actions all have costs; ensure ROI is justified. 

 

Advantages 

• Early detection of cold chain deviations and temperature/humidity excursions, which helps prevent spoilage or loss 

of potency in perishable products. 

• Reduced waste and spoilage, leading to cost savings. 

• Improved regulatory compliance, traceability, and audit readiness (batch release, recall support). 

• Better shelf life prediction, allowing improved inventory rotation, logistics planning, and less buffer stock. 

• Enhanced customer satisfaction / product safety due to higher quality and less risk of degraded goods. 

• Operational efficiency: automated alerts, reduction in manual monitoring, more optimized routing / storage 

decisions. 

• Potential for cost savings in refrigeration / cold energy usage if exposure times and deviations are reduced. 

 

Disadvantages 

• High cost of sensor / IoT infrastructure (temperature/humidity sensors, RFIDs, GPS, etc.), especially for last-mile or 

remote segments. 

• Data quality issues: sensor drift, missing or corrupted sensor data, inconsistent logging, misaligned time stamps, 

variable environmental conditions. 

• Latency or gaps: real-time data needed for prompt intervention; delays can reduce usefulness of ML predictions. 

• Complexity of integration with SAP systems: mapping master data (batch, product, storage, transport segments), 

harmonizing data sources, integrating ML outputs into workflows. 

• Regulatory and compliance obstacles, especially in regulated sectors (pharmaceuticals, biologics, vaccines): audit 

trails, validation of ML models, ensuring that deviations / alerts are acceptable under regulation. 

• Trust and interpretability: users may not trust ML predictions; false positives / false negatives can erode confidence; 

setting thresholds is important and nontrivial. 

http://www.ijrpetm.com/
mailto:editor@ijrpetm.com
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• Edge conditions and variability: environmental extremes, unusual events (e.g. power failure, transport delays) may 

not be adequately represented in historical data, reducing model generalizability. 

• Cost vs benefit trade-offs: sometimes interventions (rerouting, additional cooling) are expensive; trade-offs must be 

managed. 

• Maintenance of ML models: periodic retraining, handling model drift (e.g. changes in packaging, transport 

modalities, environmental conditions, regulatory requirements). 

 

IV. RESULTS AND DISCUSSION 

 

Since as of 2023 there are relatively few documented ML-specific cold chain quality ML models integrated into SAP 

with full outcomes, results here are inferred based on product announcements (Fusion CCMS), academic studies, and 

analogous perishable chain research. 

• The Cold Chain Management Solution (CCMS) by Fusion Consulting on SAP BTP has provided improved 

visibility of environmental conditions, especially the real-time tracking of TOR/TIR, freeze-thaw events, and 

automated alerts. This likely reduces incidence of undetected deviations and improves compliance and quality 

assurance batch-release decisions. SAP News Center+3SAP News Center+3Fusion Consulting+3 

• In analogous academic research (e.g., predictive waste / spoilage forecasting models using ARIMA + MLR), 

improvements in forecasting accuracy are observed, which suggests perishable chain operators can better align 

inventory and reduce overstock or waste. MDPI 

• Traceability and environmental monitoring tools (e.g. Movilitas’ Advanced Track & Trace, CCMS) are enabling 

better audit trails, reducing time for quality investigations, recall risk, and enabling faster corrective actions. 

• Discussion: The effectiveness seems strongly tied to the fidelity and granularity of sensor data. For example, if the 

cold chain path includes many “black box” intervals (e.g. transportation without monitoring, transfers) then spoilage or 

deviations may go unnoticed. 

• Also, thresholds (what temperature deviation is acceptable, time limits, etc.) matter: stricter thresholds reduce risk 

but may increase rate of alerts / interventions (which cost money/waste). 

• User acceptance is likely enhanced when ML outputs are explainable and when the alerting / decision workflows 

are clear and integrated with quality assurance roles. 

• Cost/benefit trade-offs: the savings in waste, product loss, compliance risk need to be greater than cost of sensors, 

data infrastructure, ML model development, and operational changes. 

• Potential future result: improved shelf life usage, better product rotations, lowering of buffer stock, more proactive 

decision making. 

 

V. CONCLUSION 

 

AI and ML offer significant promise in enhancing SAP cold chain management for perishable supply chains by 

enabling proactive detection/prevention of quality degradation, improving traceability, optimizing logistics and storage, 

reducing waste and spoilage, and ensuring compliance. Product innovations like SAP + Fusion’s CCMS are real steps 

forward in embedding environmental monitoring and alerting into SAP workflows. 

 

However, realizing these benefits fully requires robust sensor/IoT infrastructure, high‐quality and granular data, 
integration with SAP master and batch data, threshold / rule definition, regulatory alignment, and user trust. There is 

also a need to balance cost of interventions with benefit, and to maintain models in face of changing conditions 

(packaging, transport, environment). 

 

VI. FUTURE WORK 

 

• Exploration of deeper ML/DL models for spoilage / quality degradation, such as LSTM, convolutional models for 

spatial sensor arrays, or transformer-based sequence models. 

• Real-time / edge analytics: e.g. enabling sensors in transport or remote storage to send data and allow immediate 

intervention (rerouting, adjusting refrigeration) even before centralized processing. 

• Digital twin models of cold chain segments to simulate what-if scenarios (transport delays, power failure, 

environmental extremes) and plan resilient interventions. 

• Federated learning for privacy / partnership data sharing: e.g. sharing spoilage / quality data among manufacturers, 

carriers, warehouses without disclosing proprietary details. 

http://www.ijrpetm.com/
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• Improved explainable AI for quality predictions so QA and regulatory personnel can understand and validate 

predictions. 

• Study of packaging / insulating materials + transport modal combinations as features: e.g. how packaging type, 

insulation, ambient temperature in transit, container design affect spoilage and how ML can recommend packaging. 

• Case studies in diverse geographies (tropical climates, developing world contexts) where ambient temperature, 

power reliability, and infrastructure pose more challenges. 

• Integration of cost vs quality trade-off dashboards: building tools that show expected cost of spoilage vs cost of 

interventions, so decision makers can choose optimal policies. 
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