
INTERNATIONAL JOURNAL OF RESEARCH AND SCIENTIFIC INNOVATION (IJRSI) 

ISSN No. 2321-2705 | DOI: 10.51244/IJRSI |Volume XIII Issue VIII August 2026 

 

Page 5469 

www.rsisinternational.org 

 

 

  
 

 

Artificial Intelligence in Cold Chain Logistics for Vaccines and 

Biologics 

Geraldine I. Ifeanyi1  , Peacemark Hammed2 

1Department of Nursing, Ursuline College, Pepperpike, Ohio, USA 

2SHRIDEapp limited, Ibadan, Nigeria 

DOI: https://doi.org/10.51244/IJRSI.2026.1308000355 

Received: 27 April 2026; Accepted:  02 May 2026; Published: 26 September 2026 

ABSTRACT 

The global distribution of vaccines and biologics depends heavily on reliable cold chain logistics systems that 

maintain strict temperature conditions from production to administration. Failures in these systems can result in 

reduced efficacy, financial losses, and compromised public health outcomes. In recent years, artificial 

intelligence (AI) has emerged as a transformative tool for optimizing cold chain logistics through predictive 

analytics, real-time monitoring, anomaly detection, and intelligent decision-making. This literature review 

synthesizes current scholarly research on the application of AI in cold chain logistics for vaccines and biologics, 

highlighting key technologies such as machine learning, Internet of Things (IoT) integration, digital twins, and 

predictive maintenance. The review further evaluates the implications of AI adoption for global immunization 

programs, pandemic preparedness, and health system resilience, while also addressing challenges such as 

infrastructure limitations, data governance, and implementation costs. 

Keywords: Artificial Intelligence, Cold Chain Logistics, Vaccines, Biologics, IoT, Predictive Analytics, Supply 

Chain Optimization, Healthcare Logistics 

INTRODUCTION 

Vaccines and biologics are highly sensitive pharmaceutical products that require precise temperature control 

throughout the supply chain, typically within a range of 2°C to 8°C, though some novel vaccines demand ultra-

low temperatures [1-3]. The cold chain system, therefore, represents a critical infrastructure in global health, 

ensuring the safety, potency, and effectiveness of immunization programs. However, traditional cold chain 

logistics systems are often characterized by inefficiencies, limited visibility, and vulnerability to disruptions, 

particularly in low- and middle-income countries [4-6]. The emergence of artificial intelligence has introduced 

new possibilities for addressing these challenges. AI-driven systems are capable of processing large volumes of 

real-time data, identifying patterns, predicting failures, and enabling proactive interventions. This review 

explores how AI technologies are reshaping cold chain logistics, with a focus on their application in vaccine and 

biologics distribution. 

METHODOLOGY 

This review employed a structured narrative review methodology to evaluate the application of artificial 

intelligence (AI) in cold chain logistics for vaccines and biologics. A comprehensive literature search was 

conducted across major scientific databases, including PubMed, Scopus, Web of Science, and Google Scholar. 

Search terms included combinations of keywords such as “artificial intelligence,” “cold chain logistics,” 

“vaccine distribution,” “biologics transportation,” “IoT-enabled healthcare logistics,” “machine learning in 

healthcare supply chains,” “predictive analytics for vaccine delivery,” and “AI-based temperature monitoring.” 

The review focused primarily on peer-reviewed journal articles, conference proceedings, governmental reports, 

and industry publications published within the last ten years to ensure contemporary relevance. Inclusion criteria 
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comprised studies that directly addressed AI technologies applied to vaccine and biologics logistics, including 

predictive analytics, inventory optimization, temperature monitoring, route optimization, and automated 

logistics systems. Studies unrelated to healthcare cold chains, non-English publications, duplicate records, and 

articles lacking sufficient methodological clarity were excluded. 

To improve analytical rigor, selected studies were critically evaluated based on methodological quality, 

relevance, scalability, data transparency, and practical implementation outcomes. Comparative thematic analysis 

was used to categorize findings into key domains including predictive forecasting, real-time monitoring, 

blockchain integration, IoT-enabled tracking, and automated decision-support systems. Particular attention was 

given to identifying evidence gaps, contradictory findings, implementation barriers, and regional disparities in 

AI adoption across both high-income and resource-constrained healthcare systems. 

The Evolution of Cold Chain Logistics in Healthcare 

Cold chain logistics has evolved significantly over the past decades, transitioning from manual monitoring 

systems to automated and sensor-based technologies [7, 8]. Early systems relied heavily on passive cooling 

methods and periodic manual checks, which were prone to human error and lacked real-time responsiveness. 

The integration of digital technologies, particularly IoT-enabled sensors, marked a major advancement by 

allowing continuous monitoring of temperature, humidity, and location [9-11]. Despite these improvements, 

challenges persist. Studies have shown that a substantial proportion of vaccines are exposed to temperature 

excursions during transportation and storage, leading to wastage and reduced immunogenicity [12-14]. These 

inefficiencies explain the need for more intelligent systems capable of anticipating and mitigating risks before 

they occur. AI has emerged as a critical enabler in this context, providing advanced analytical capabilities that 

go beyond simple monitoring. 

AI Technologies in Cold Chain Logistics 

Machine Learning and Predictive Analytics 

Machine learning algorithms are increasingly used to analyze historical and real-time data to predict potential 

disruptions in the cold chain [15, 16]. These models can forecast temperature deviations, equipment failures, and 

demand fluctuations, allowing stakeholders to take preventive actions. For instance, predictive models can 

identify patterns associated with refrigeration unit breakdowns, enabling maintenance to be scheduled before 

failures occur [17, 18]. Predictive analytics also plays a crucial role in demand forecasting, ensuring that vaccines 

are distributed efficiently and equitably [19, 20]. By analyzing epidemiological data, population demographics, 

and historical consumption patterns, AI systems can optimize inventory levels and reduce both shortages and 

overstocking. 

Internet of Things (IoT) and Real-Time Monitoring 

The integration of AI with IoT devices has significantly enhanced real-time monitoring capabilities. Smart 

sensors embedded in storage units and transport vehicles continuously collect data on environmental conditions, 

which is then analyzed by AI algorithms to detect anomalies [21-23]. When deviations from acceptable 

temperature ranges are detected, automated alerts are generated, enabling immediate corrective action. This real-

time visibility is particularly important in last-mile delivery, where environmental conditions are less controlled. 

AI-powered systems can dynamically adjust routes and storage conditions based on real-time data, thereby 

minimizing the risk of spoilage. 

Anomaly Detection and Risk Management 

AI-based anomaly detection systems use advanced statistical and machine learning techniques to identify 

unusual patterns in temperature and logistics data [24-26]. These systems can distinguish between normal 

fluctuations and critical deviations that require intervention. By providing early warnings, AI helps reduce the 

likelihood of vaccine spoilage and ensures compliance with regulatory standards [27, 28]. Risk management is 

https://rsisinternational.org/journals/ijrsi
https://rsisinternational.org/journals/ijrsi
http://www.rsisinternational.org/


INTERNATIONAL JOURNAL OF RESEARCH AND SCIENTIFIC INNOVATION (IJRSI) 

ISSN No. 2321-2705 | DOI: 10.51244/IJRSI |Volume XIII Issue VIII August 2026 

 

Page 5471 

www.rsisinternational.org 

 

 

  
 

 

further enhanced through the use of simulation models and digital twins, which replicate the entire cold chain 

system in a virtual environment [29, 30]. These models allow stakeholders to test different scenarios and identify 

vulnerabilities without disrupting actual operations. 

Predictive Maintenance and Equipment Optimization 

Refrigeration equipment is a critical component of the cold chain, and its failure can have significant 

consequences [31]. AI-driven predictive maintenance systems analyze sensor data to detect early signs of 

equipment malfunction [32, 33]. By predicting when maintenance is needed, these systems reduce downtime 

and extend the lifespan of equipment. In addition, AI can optimize energy consumption by adjusting cooling 

parameters based on real-time conditions, thereby improving sustainability and reducing operational costs. 

Applications in Vaccine and Biologics Distribution 

AI has been instrumental in improving the distribution of vaccines and biologics, particularly during global 

health emergencies such as pandemics [34, 35]. During the COVID-19 pandemic, AI-driven logistics systems 

were used to coordinate the distribution of vaccines across complex supply chains, ensuring timely delivery 

while maintaining strict temperature requirements [36-38]. AI also supports equitable distribution by identifying 

underserved regions and optimizing delivery routes [39, 40]. This is particularly important in resource-limited 

settings, where logistical challenges are more pronounced. Furthermore, AI-enabled tracking systems enhance 

transparency and accountability, reducing the risk of theft, counterfeiting, and mismanagement. 

Implications for Global Health and Pandemic Preparedness 

The integration of AI into cold chain logistics has significant implications for global health. By improving the 

reliability and efficiency of vaccine distribution, AI contributes to higher immunization coverage and better 

health outcomes [41-43]. It also enhances the resilience of health systems, enabling them to respond more 

effectively to emergencies. In the context of pandemic preparedness, AI-driven systems provide the agility and 

scalability needed to manage large-scale vaccination campaigns [44, 45]. They enable rapid decision-making, 

efficient resource allocation, and real-time monitoring of supply chain performance. These capabilities are 

critical for addressing the challenges of future pandemics and ensuring global health security. 

Challenges and Limitations 

Despite its potential, the adoption of AI in cold chain logistics is not without challenges. One of the primary 

barriers is the lack of infrastructure, particularly in low-resource settings. Reliable internet connectivity, power 

supply, and data management systems are essential for the effective implementation of AI technologies. Data 

privacy and security are also significant concerns, as AI systems rely on large volumes of sensitive data. Ensuring 

compliance with regulatory standards and protecting data integrity are critical for building trust in these systems. 

Additionally, the high cost of implementation and the need for skilled personnel may limit the widespread 

adoption of AI in some regions. 

Expanded Discussion of Challenges and Practical Implications 

Although AI-driven cold chain technologies have demonstrated significant promise in improving vaccine and 

biologics logistics, the literature increasingly highlights several operational, ethical, and infrastructural 

challenges that may limit large-scale implementation. One major concern involves algorithmic bias, particularly 

in predictive analytics systems that rely heavily on historical healthcare and distribution datasets. In many low-

resource regions, healthcare logistics data are incomplete, fragmented, or inconsistently reported, which may 

result in biased forecasting models that inaccurately predict vaccine demand or prioritize resource allocation 

inequitably [40]. Such bias can unintentionally reinforce existing disparities in healthcare access, particularly in 

rural or underserved populations where reliable data collection systems remain limited. 

Another major challenge involves interoperability barriers between AI systems and existing healthcare 

infrastructure. Many healthcare systems continue to operate using fragmented digital platforms, incompatible 
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inventory systems, and inconsistent data standards across suppliers, distributors, healthcare facilities, and 

governmental agencies [41]. As a result, integrating AI-powered logistics platforms into existing vaccine supply 

chains often becomes technically complex and financially burdensome. Several studies indicate that while AI 

systems may function effectively in controlled pilot environments, interoperability failures frequently emerge 

during real-world deployment due to limited infrastructure coordination, outdated software systems, and 

inconsistent regulatory frameworks. 

The sustainability of AI systems in fragile health systems also remains an important concern. While 

technologically advanced AI platforms may improve temperature monitoring, predictive maintenance, and 

inventory visibility, maintaining these systems requires stable electricity, internet connectivity, technical 

expertise, cybersecurity protection, and continuous financial investment. Fragile healthcare systems affected by 

political instability, weak infrastructure, workforce shortages, or economic constraints may struggle to sustain 

long-term AI operations [42]. In such environments, dependence on highly sophisticated digital systems without 

adequate local capacity-building may create operational vulnerabilities rather than resilience. Consequently, 

several researchers emphasize the importance of developing context-specific, scalable, and cost-effective AI 

solutions that align with local infrastructure realities rather than relying solely on technologically intensive 

models designed for high-income healthcare systems. 

Comparative analyses across different regions further demonstrate substantial disparities in AI deployment and 

effectiveness. In high-income countries such as the United States and several European nations, AI-driven cold 

chain systems have been integrated with advanced IoT sensors, cloud-based analytics, and automated warehouse 

management systems to support large-scale vaccine distribution and biologics monitoring. These systems have 

shown improvements in temperature stability, delivery efficiency, and predictive inventory management, 

particularly during emergency vaccination campaigns and pandemic response efforts. In contrast, AI 

deployments in many low- and middle-income countries have often focused on more adaptable and mobile-

based logistics solutions. For example, several African and South Asian healthcare programs have utilized AI-

assisted mobile monitoring tools and solar-powered IoT cold storage systems to improve vaccine accessibility 

in remote communities with limited infrastructure [42]. While these innovations demonstrate significant 

practical potential, studies also report challenges related to limited technical maintenance capacity, inconsistent 

internet coverage, equipment failure, and financial sustainability. These regional differences suggest that the 

effectiveness of AI in cold chain logistics is highly dependent on contextual factors including digital 

infrastructure maturity, governmental support, regulatory coordination, and healthcare workforce preparedness. 

Case examples additionally reveal contradictory outcomes regarding AI effectiveness during public health 

emergencies. During the COVID-19 pandemic, AI-enabled logistics systems contributed to accelerated vaccine 

distribution and real-time monitoring in several countries [43]. However, some healthcare systems experienced 

difficulties associated with inaccurate demand forecasting, overreliance on automated systems, supply chain 

disruptions, and cybersecurity risks. These mixed experiences highlight that AI technologies should not be 

viewed as universally applicable solutions, but rather as supportive tools whose effectiveness depends on 

governance quality, infrastructure readiness, and integration with human decision-making processes. 

Overall, while artificial intelligence presents transformative opportunities for strengthening cold chain logistics 

for vaccines and biologics, current evidence indicates that successful implementation requires more than 

technological innovation alone. Long-term effectiveness will depend on addressing algorithmic fairness, 

interoperability limitations, infrastructure sustainability, workforce training, cybersecurity protection, and 

equitable deployment strategies across diverse healthcare settings. Future research should therefore prioritize 

implementation science, comparative regional evaluations, and real-world operational assessments capable of 

informing scalable and sustainable AI integration into global healthcare supply chains. 

Future Directions and Research Opportunities 

Future research should focus on developing scalable and cost-effective AI solutions that can be implemented in 

diverse settings. There is also a need for standardized frameworks and protocols to guide the integration of AI 

into cold chain systems. Advances in edge computing and blockchain technology may further enhance the 
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capabilities of AI-driven logistics systems. Moreover, interdisciplinary collaboration between engineers, data 

scientists, public health experts, and policymakers will be essential for realizing the full potential of AI in cold 

chain logistics. Such collaborations can drive innovation and ensure that solutions are both technically robust 

and contextually appropriate. 

CONCLUSION 

Artificial intelligence is transforming cold chain logistics for vaccines and biologics by enabling predictive, 

adaptive, and intelligent systems that enhance efficiency, reliability, and resilience. Through the integration of 

machine learning, IoT, and advanced analytics, AI addresses many of the longstanding challenges associated 

with temperature-sensitive supply chains. While significant barriers remain, the continued development and 

adoption of AI technologies hold great promise for improving global immunization efforts and strengthening 

health systems. As the demand for vaccines and biologics continues to grow, AI-driven cold chain logistics will 

play an increasingly vital role in ensuring that these life-saving products reach those who need them most. 
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