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ABSTRACT 

Vaccines are among the most effective public health interventions for reducing morbidity and mortality from 

infectious diseases, yet their effectiveness depends on maintaining vaccine potency throughout the cold chain 

from manufacture to administration. In many low- and middle-income countries, where disease burden is very 

high, weaknesses in cold chain systems continue to compromise immunisation programme performance and 

equitable access. Despite decades of investment, evidence indicates that cold chain failures remain common, yet 

the factors driving persistent gaps and the real-world impact of emerging innovations are not consistently 

synthesised. The objective of the review was to assess the major challenges affecting vaccine cold chain 

distribution in developing countries and to synthesise current evidence on technological and operational 

innovations aimed at addressing these constraints. 

A narrative review methodology was employed, drawing on peer-reviewed literature and relevant grey literature 

published between 2008 and 2025. Searches were conducted in PubMed, Scopus and Google Scholar. Data were 

extracted and analysed thematically, focusing on logistical, infrastructural, workforce, geographic, economic, 

and policy-related dimensions of cold chain performance. 

The review revealed persistent challenges, including unreliable electricity supply, inadequate storage and 

transport capacity, long distribution routes, limited funding for maintenance, fragmented governance and 

shortages of trained personnel. These factors contribute to temperature excursions, vaccine wastage and stock-

outs, particularly in remote and underserved settings. Meanwhile, several innovations have demonstrated 

potential to strengthen cold chain systems. Solar direct-drive refrigeration, real-time temperature monitoring, 

electronic logistics management information systems, and drone-enabled last-mile delivery have improved 

reliability, visibility and access in selected contexts. However, many innovations remain pilot-based, donor 

dependent and insufficiently integrated into national systems. 

These findings highlight that strengthening vaccine cold chain systems in developing countries requires a 

systems-based approach. Sustainable improvement depends not only on technological innovation but also on 

coordinated investments in governance, financing, workforce capacity, maintenance and data integration. 

Keywords: Vaccines, Cold-chain, Immunisation, Innovation 

INTRODUCTION 

Over the past several decades, global immunization programs have saved millions of lives and prevented 

countless episodes of vaccine-preventable diseases. The global eradication of smallpox and regional elimination 
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of poliomyelitis, neonatal tetanus, rubella, and congenital rubella, revealed the transformative potential of 

vaccines (38,52) . The success of vaccination programs, however, depends largely on effectiveness of the vaccine 

cold chain. This system of temperature-controlled storage and transportation is critical for ensuring that vaccines 

retain their potency from manufacturing sites to the point of use (7,29,33) . Yet, despite its importance, the cold 

chain continues to face persistent and complex challenges, particularly in developing countries where disease 

burden is highest and resources are limited (1,21,59). 

Historically, vaccine distribution systems in low- and middle-income countries have evolved alongside the 

expansion of the World Health Organization’s Expanded Programme on Immunization (EPI) launched in 1974. 

Early cold chain systems relied on kerosene refrigerators and ice-lined boxes, while they enabled initial gains in 

immunization coverage, they were often insufficient to maintain optimal conditions in tropical climates or remote 

rural settings (20,33) . Since then, population growth, rapid urbanization, conflict, and the need to deliver new 

vaccines, some of which require ultra-cold storage have stressed existing systems and exposed major gaps 

(15,20).   

The importance of effective cold chain infrastructure has been repeatedly demonstrated during public health 

crises. Outbreak responses for diseases such as Ebola in West Africa, cholera in Yemen and yellow fever in 

Angola highlighted that timely vaccine availability can result in effective containment of widespread epidemic 

(13,61) . Most recently, the COID-19 pandemic magnified these issues. The unprecedented deployment of 

mRNA vaccines, some requiring storage at −70°C, forced countries to upgrade or innovate their cold chain 

systems (47). While high-income countries rapidly adopted ultra-cold freezers and digital monitoring, many 

developing countries struggled with procurement, electricity access, and workforce training (3). These disparities 

revealed that without resilient distribution networks, even groundbreaking scientific advances cannot achieve 

their intended impact. 

Studies have shown that several factors make vaccine cold chain management uniquely difficult in developing 

countries. Geography plays a significant role. Islands, mountainous regions, and areas affected by insecurity 

often face long transit times and unreliable infrastructure. Economically, many countries depend on donor 

funding for equipment and maintenance, leading to fragmented systems and limited sustainability (1,35). Policy 

and governance challenges such as inadequate planning, weak data systems, and overlapping mandates 

compound these problems (56). Human resource constraints, including shortages of trained logisticians and 

biomedical technicians, further undermine efficiency (3,16). 

Despite these challenges, innovation is reshaping what is possible. Solar direct-drive refrigerators have reduced 

dependence on grid power, remote temperature-monitoring devices and IoT sensors provide real-time data, and 

drone technology is being piloted to reach hard-to-access communities(23,37,43,55). Digital dashboards and 

stock-visibility platforms are improving forecasting and reducing wastage (14). However, many of these 

innovations remain small-scale or donor-driven, raising questions about scalability, cost-effectiveness, and 

integration into national systems. 

The aim of this review is to synthesize the current evidence on innovations and challenges in vaccine cold chain 

distribution in developing countries.  It builds on lessons from past epidemics and routine immunization 

programs to identify gaps and opportunities for strengthening systems. 

Main objective 

The objective of this narrative review is to assess the major challenges affecting vaccine cold chain distribution 

in developing countries and to synthesise current evidence on technological and operational innovations aimed 

at addressing these constraints. 

The specific objectives  

1. To describe the current structure and components of vaccine cold chain systems. 

2. To analyse logistical, infrastructural and human resource challenges. 

3. To explore geographic, economic, and policy-related constraints affecting distribution. 

4. To review recent technological and operational innovations and assess their impact. 
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METHODOLOGY 

Study Design 

This work was conducted as a narrative review to synthesize evidence on the challenges and innovations of 

vaccine cold chain distribution in developing countries. This narrative review design was chosen to allow a broad 

exploration of literature from diverse sources, including peer-reviewed journals, international health agency 

reports and grey literature, in order to capturing both technical and operational perspectives. 

Search Strategy 

A structured search was undertaken to ensure that the review captured a broad and representative body of 

evidence on vaccine cold chain systems in developing countries. Multiple databases were explored, including 

PubMed, Scopus and Google Scholar. These platforms were selected because they provide extensive coverage 

of biomedical, public health and policy-related literature. Search terms were developed in line with the objectives 

of the review and focused on vaccine cold chain systems, distribution challenges, and technological innovations. 

Core terms included “vaccine cold chain,” “cold chain management,” “vaccine storage,” “vaccine distribution,” 

and “immunisation supply chain.” These were combined with terms related to system challenges and context, 

such as “logistical challenges,” “infrastructure,” “health workforce,” “governance,” “policy,” “geographic 

barriers,” “low- and middle-income countries,” and “resource-limited settings.” Innovation-related terms 

included “solar refrigeration,” “temperature monitoring,” “logistics management information systems,” “digital 

health,” and “drone delivery.” Search terms and synonyms were adapted across databases to maximise retrieval. 

Inclusion Criteria 

Studies and reports that met the following criteria were included: 

1. Studies and reports that focused on vaccine cold chain systems and distribution in developing countries 

or LMICs. 

2. Studies that discussed challenges (logistical, infrastructural, human resource, policy) or innovations 

(technology, tools, approaches). 

3. Studies that included any vaccine type, whether routine immunization, campaign vaccines, or emergency 

response (Ebola, COVID-19). 

4. Studies published in English between 2008 and 2025 

Exclusion Criteria 

The following were excluded: 

• Articles that focused exclusively on high-income countries. 

• Studies on non-immunization cold chains (e.g., food or pharmaceuticals unrelated to vaccines). 

• Editorials, commentaries or opinion pieces without substantive data or analysis. 

• Publications not available in full text. 

Data Extraction and Synthesis 

Relevant data were extracted from eligible articles, including study context, cold chain components discussed, 

types of challenges, innovation described, outcomes reported and recommendations. Findings were organized 

thematically into four categories: 

1. Structure and components of cold chain systems 

2. Logistical, infrastructural and workforce challenges 

3. Geographic, economic, and policy-related barriers 

4. Technological and operational innovations 

The analysis emphasized comparisons across regions, identification of gaps, and emerging themes. 
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Information Extraction and Synthesis 

Full texts of all included studies and reports were reviewed, and relevant information was extracted using a 

structured approach. Key details were recorded, including publication year, study location, type of vaccine 

program and the specific cold chain components described (such as storage, transportation, monitoring, and 

workforce). Each source was assessed for evidence of challenges in logistical, infrastructural, policy-related and 

innovative practices, including technological solutions like solar refrigeration, real-time temperature monitoring, 

and drone delivery. Contextual factors, such as geography, governance and health system capacity, were also 

noted where available. 

Extracted information was organized into thematic categories reflecting the objectives of the review. 

1. Structure and components of cold chain systems 

2. Logistical, infrastructural and workforce challenges 

3. Geographic, economic, and policy constraints 

4. Technological and operational innovations 

Furthermore, within each category, findings were compared and synthesized to highlight patterns, unique 

contributions, and gaps. Quantitative information (for example, cold chain failure rates or equipment 

performance data) was summarized descriptively, while qualitative findings and operational insights were 

described narratively to preserve their meaning. Sources from international agencies and national programs were 

included alongside peer-reviewed studies to provide a comprehensive overview. 

RESULT & DISCUSSION 

Table 1: Summary of key studies on vaccine cold chain systems in low- and middle-income countries, 

highlighting major challenges and technological innovations (2008–2025) 

Author(s) Year Country / Region Focus/ 

Theme 

Innovation 

/ Challenge 

Key Findings / Contributions 

Adeyemo et 

al. 

2021 Sub-Saharan 

Africa 

Cold chain 

logistics and 

access equity 

Challenge Reported regional inequities due 

to weak infrastructure and 

fragmented coordination. 

Arogundade 

et al. 

2019 Nigeria Training and 

capacity 

assessment 

Challenge Found gaps in workforce 

competence and supervision 

across immunization 

programmes. 

Atiga et al. 2024 Ghana Zipline drone 

impact study 

Innovation Demonstrated measurable 

improvement in supply 

reliability and delivery time. 

Bogale et al. 2019 Ethiopia Cold chain 

management 

in public 

facilities 

Challenge Only 58% of facilities had 

adequate cold chain practice; 

training predicted better 

performance. 

Federspiel & 

Ali 

2018 Yemen Cholera 

outbreak 

response 

Operational 

/ Challenge 

Underscored importance of 

timely cold chain in outbreak 

response logistics. 

Fritz et al. 2021 Ethiopia, 

Tanzania, 

Mozambique 

eLMIS and 

digital LMIS 

Innovation Digitization reduced stockouts 

and improved vaccine tracking. 

Frost et al. 2021 LMICs Innovative 

health system 

strengthening 

Innovation Reviewed new delivery models 

(drones, IoT, solar) for LMIC 

supply systems. 

Geneti et al. 2024 Ethiopia Knowledge 

and practices 

Challenge Linked staff experience, 

training, and supervision to 

improved vaccine handling. 

https://rsisinternational.org/journals/ijrsi
https://rsisinternational.org/journals/ijrsi
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 XII Issue XII December 2025 

 

 

Page 1408 www.rsisinternational.org 

 

 

among health 

workers 

Gilbert et al. 2017 India Digitally 

enabled 

supply chain 

Innovation eLMIS improved vaccine 

stability, data visibility, and 

workflow efficiency. 

Guignard et 

al. 

2019 LMICs New vaccine 

introduction 

Challenge Identified policy and 

infrastructural constraints in 

adopting new vaccines. 

Hagedorn et 

al. 

2025 Nigeria Decentralized 

financing and 

supply chains 

Innovation Demonstrated that decentralized 

financing improved stock 

availability and facility 

performance. 

Hasanat et al. 2020 Bangladesh IoT-based 

vaccine cold 

chain 

monitoring 

Innovation Proposed real-time monitoring 

system integrating IoT for 

vaccine safety. 

Kanja et al. 2021 Kenya Factors 

affecting 

vaccine 

availability 

Challenge Power interruptions and limited 

storage capacity caused vaccine 

shortages. 

Lloyd & 

Cheyne 

2017 Global Origins and 

evolution of 

cold chain 

Structural Provided historical overview 

and outlined modern cold chain 

challenges in LMICs. 

Lydon et al. 2015 Multi-country Global cold 

chain 

performance 

Challenge Found performance indicators 

below WHO’s 80% benchmark 

for effective cold chain. 

Makinen et al. 2012 LMICs Vaccine 

adoption 

frameworks 

Policy Highlighted donor dependency 

and sustainability gaps in 

vaccine logistics. 

McCarney et 

al. 

2013 Multi-country 

(LMICs) 

Solar-

powered 

vaccine 

refrigeration 

Innovation Solar systems improved cold 

chain reliability in off-grid rural 

settings. 

Munshi et al. 2022 Bangladesh COVID-19 

mass 

vaccination 

logistics 

Challenge Described transport and storage 

bottlenecks during COVID-19 

roll-out. 

Namuhaywa 2013 Uganda Cold chain 

management 

for EPI 

Challenge Revealed that many facilities 

lacked functional equipment 

and continuous power supply. 

Numbi & 

Kupa 

2017 DRC Next-

generation 

vaccine 

supply chains 

Innovation Argued for integration of 

modern supply tools to ease 

logistical bottlenecks. 

Ospina-Fadul 

et al. 

2025 Ghana Drone 

delivery cost-

effectiveness 

Innovation Drone delivery improved last-

mile access and reduced 

stockouts in remote areas. 

Pambudi et al. 2022 Indonesia Cold storage 

technologies 

for 

vaccination 

Innovation Described sustainable cold 

storage options and renewable 

energy solutions. 

Rusnack 2021 Global COVID-19 

vaccine cold 

chain 

Challenge Highlighted ultra-cold chain 

logistics limitations in LMICs. 
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Saraswati et 

al. 

2018 Indonesia Vaccine cold 

chain 

monitoring 

Challenge Documented inconsistent 

temperature monitoring and 

lack of standardized 

supervision. 

Shen et al. 2014 Developing 

countries 

Routine 

immunization 

future 

Policy / 

Challenge 

Emphasized governance and 

system bottlenecks limiting 

effective cold chain 

implementation. 

Sinnei et al. 2023 Kenya Vaccine 

storage and 

distribution 

practices 

Challenge Found rural cold storage 

facilities lacking maintenance 

and adequate monitoring. 

To et al. 2019 Nigeria Cold chain 

logistics in 

Osun State 

Challenge Identified outdated logistics and 

poor coordination in cold chain 

operations. 

Tsega et al. n.d. Malawi Training 

needs in 

immunization 

Challenge Highlighted workforce gaps and 

lack of refresher courses for 

cold chain personnel. 

Walldorf et al. 2017 Multi-country Lessons from 

emergency 

vaccine 

responses 

Operational Highlighted rapid-response cold 

chain gaps during Ebola and 

yellow fever outbreaks. 

Woldemichael 

et al. 

2018 Ethiopia Cold chain 

knowledge 

among 

providers 

Challenge Identified gaps in knowledge 

and monitoring practices 

affecting potency. 

Yakum et al. 2015 Cameroon Vaccine 

storage and 

cold chain 

monitoring 

Challenge Reported unreliable electricity 

and temperature excursions 

leading to potency loss. 

Zarekar et al. 2025 LMICs ICT and 

immunisation 

impact 

Innovation Systematic review showing ICT 

improves stock visibility and 

service coverage. 

Structure and Components of Cold Chain Systems 

Vaccine cold chains in developing countries commonly follow a tiered structure, spanning national, 

regional/provincial, district, and facility or outreach levels (21,48,64). At the top tier, national stores operate 

walk-in cold rooms and freezer rooms, dispatching vaccines via refrigerated trucks or insulated vehicles to sub-

national depots (27). District stores then act as buffer points, supplying facilities with purpose-built refrigerators 

(increasingly solar direct-drive in off-grid settings), cold boxes, and vaccine carriers for outreach sessions 

(54,57).  

For instance, Ghana employs solar-powered refrigerators in rural health posts, enabling reliable cold storage 

where grid power is unavailable. In India, the National Centre for Cold-chain Development (NCCD) guides 

infrastructure planning and standards, driving advancements in equipment and protocols across tiers. 

Additionally, pilot studies in Niger using drone delivery models have demonstrated significant improvements in 

vaccine availability at remote health facilities, underscoring logistics innovation within the tiered system. 

Quality and potency of vaccines rely on standardized temperature controls typically 2–8 °C for most antigens 

(41,57) and ≤–20 °C for some, with ultra-cold storage reserved for special campaigns (12,51) . Systems 

commonly use Vaccine Vial Monitors (VVMs), freeze indicators, calibrated thermometers or data loggers, and 

documented SOPs for packing, handling, transport, and contingencies (29,30). Tanzania’s adoption of an 

electronic logistics management information system (eLMIS) has recently enhanced visibility across the chain, 

helping reduce stock-out frequency significantly (14). 
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Staffing typically includes logisticians, storekeepers, vaccinators, and a smaller team of cold chain technicians 

who oversee installation, preventive maintenance, and repairs. However, heterogeneity in equipment brands and 

models often due to donor-driven procurements can complicate upkeep and strong service contracts are rare, 

especially at lower levels (53,63). 

Information management, traditionally paper-based (e.g., stock cards), is gradually shifting toward digitization 

with eLMIS platforms, though integration remains uneven (14)  

In Ghana and Kenya, drone-delivered cold bags coordinated through SMS systems are augmenting last-mile 

delivery in remote areas, suggesting advanced operational adaptations layered onto existing structures (45). 

Logistical, Infrastructural, and Workforce Challenges 

Cold chain systems in developing countries are frequently undermined by multiple operational and 

infrastructural hurdles. 

In many low- and middle-income countries, standard cold chain capacity (2-8 °C) remains unreliable, leading to 

stockouts, increased equipment costs, and limited vaccine availability in remote areas (65). The challenge is 

particularly acute during outreach campaigns, where uneven carrier performance and ice-pack practices can 

inadvertently freeze vaccines, compromising potency. 

Analyses from multiple African and Asian countries report that insufficient cold chain infrastructure, irregular 

power supplies, and poor maintenance are major contributors to vaccine wastage and potency loss. For example, 

the Clinton Health Access Initiative identified systemic drivers of these failures, including limited capacity and 

underinvestment in countries like Ethiopia, Kenya, and India (4). 

In Ethiopia, Bogale (7)  revealed that only about 58% of public health facilities demonstrated good cold chain 

management practices. Significant predictors of reliable performance included over two years of experience, 

formal training, and supportive supervision. This aligns with findings from Nigeria and elsewhere, where gaps 

in training and oversight are directly linked to decreased cold chain reliability. 

A global review of vaccine supply in 89 countries revealed that for most cold chain indicators, performance fell 

below the recommended 80% threshold. These shortcomings can ultimately impact vaccine safety and public 

trust, especially when failures lead to stockouts or compromised doses (62) . 

The pandemic exposed and amplified cold chain fragilities. The ultra-cold requirements for mRNA vaccines like 

Pfizer–BioNTech exposed the scarcity of necessary infrastructure in developing regions (2,25). Failure to 

maintain cold chain integrity emerged as a leading cause of vaccine discard, with up to 25% wastage linked to 

distribution system failures (9,67). 

Geographic, economic, and policy constraints 

Remoteness, difficult terrain, climate extremes, and weak transport links lengthen transit times and narrow 

delivery “windows,” increasing the risk of temperature excursions and stock-outs at the periphery (28,39,60).  

Guidance for site selection during campaigns and COVID-19 roll-outs emphasized geography, energy 

availability, and alternative modes (e.g., drones) to reach hard-to-access areas, underscoring how location drives 

cold-chain risk profiles (20,24) . 

Many LMIC programmes operate with tight recurrent budgets, so capital equipment purchases outpace funding 

for energy, preventive maintenance, supervision, and spare parts, the true total cost of ownership (TCO) (37,40). 

Evidence shows delivery costs per dose vary widely across LMICs and that cold chain/TCO is often 

underestimated in planning, leading to equipment downtime and vaccine loss (4). Benchmarking tools (e.g., 

EVM/EVMA) were created to create such gaps and guide cost improvements. 

Fragmented accountability between central medical stores, immunisation programmes, and sub-national 

authorities, plus heterogeneous device portfolios from donor-driven procurement, complicate standards, service 
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contracts, and data integration (25). UNICEF/WHO guidance highlights that weak SOPs, poor asset 

management, and limited supervision contribute to excursions and wastage; targeted iSC interventions (training, 

equipment standards, better carriers) can mitigate these failures when embedded in policy and budgets (42,60). 

Paper stock cards and siloed tools limit forecasting and timely corrective action. Countries that linked 

temperature monitoring with logistics systems improved visibility and response. (14,17)  reported that 

Tanzania’s remote temperature monitoring (RTM) programme enhanced equipment performance oversight, and 

India’s eVIN showed positive ROI with better stock management and temperature tracking at scale. 

Sub-Saharan Africa: Power reliability and distance dominate risk; RTM and solar direct-drive help, while 

drones are being used for just-in-time delivery in difficult terrain (10,23,31,37,58) .  

South Asia: Large, dense networks with stronger national programmes; digital tools (eVIN) and formalised 

governance frameworks have improved stock visibility and accountability, though rural last-mile challenges 

persist (17).  

Latin America: Urban hubs often have stronger infrastructure and PAHO technical norms, but 

riverine/mountainous areas still face access and hold-time issues, requiring tailored cold-box and route solutions 

(6).  

Geography dictates risk exposure; economics determines whether operations (energy, maintenance, supervision) 

are funded; and policy governs standards, contracts, and data interoperability. Durable improvement comes from 

costed O&M, harmonised equipment portfolios, and integrated RTM-eLMIS governance, not from hardware 

alone. 

Technological and operational innovations 

Over the past decade, innovations in vaccine cold chain management have surged, offering new solutions to 

longstanding challenges but with varied scalability and impact (46).  

Solar direct-drive refrigerators have emerged as a reliable option in off-grid settings. For instance, the 

deployment of solar-powered units manufactured by SureChill and Vestfrost has been vital to the success of the 

malaria vaccine rollout across parts of sub-Saharan Africa, enabling uninterrupted storage in regions without 

dependable electricity (37,50). 

Integration of temperature tracking with logistics systems has transformed oversight. Gilbert (17) revealed that 

Tanzania’s integrated EIR-eLMIS significantly reduced stock-outs over time, marking progress over previous 

paper-based systems. A broader multi-country evaluation in Guinea, Honduras, Rwanda, and Tanzania found 

that eIR and eLMIS systems improved workflow and reduced stock-outs, with increased data accuracy and high 

user satisfaction. 

Drone logistics have shown promise in overcoming geographic barriers. Zipline’s partnership with Ghana’s 

health service has enabled efficient vaccine deliveries, improved availability and reducing stockouts (45). 

Modeling studies in Niger and LMICs reveal that drone hub deployment can increase vaccine availability by 

70–220% depending on budget and population distribution (31). Drone delivery solutions have also been tested 

in India via the World Economic Forum’s "Medicine from the Sky" initiative. 

Passive cold boxes with long hold times and freeze protection offer robust temperature control during transport 

(34,36). For ultra-low-temperature requirements, cryoshippers (holding below –150 °C) have been used 

successfully to distribute cryopreserved vaccines like PfSPZ in Africa, offering power-independent reliability 

(26).  

Emerging technologies such as blockchain-powered smart contracts are being explored to enhance transparency 

and traceability in the cold chain, especially for ultra-sensitive deliveries like COVID-19 vaccines. Low-cost 

Internet of Things(IoT) enabled systems like “ALIVE” offer portable, real-time environment tracking to ensure 

last-mile storage integrity (18,27). 
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Synthesis and implications 

The vaccine cold chain systems in developing countries are built on similar frameworks but operate with very 

different capacities and outcomes. While all systems aim to maintain vaccine potency through tiered storage, 

transport, and monitoring, the degree of reliability varies greatly (22,29,65). Infrastructure gaps such as unstable 

power, long transport routes, and aging equipment combine with human resource shortages and weak data 

systems to create fragile points along the chain (1,49). These challenges are compounded by policy 

fragmentation and underfunded maintenance, which often prioritize equipment procurement over sustainable 

operations (8,44). 

At the same time, the findings show clear areas of progress. Solar-powered refrigerators, real-time temperature 

monitoring, and integrated stock management tools are helping improve visibility and control. Drone deliveries, 

although still largely pilot-based, have demonstrated how innovative approaches can overcome geographic and 

logistical barriers. Where countries have invested in training, governance, and preventive maintenance alongside 

technology, the benefits are more durable. For example, India’s eVIN platform improved stock visibility and 

reduced vaccine losses, while Zipline’s drone network in Ghana showed measurable improvements in last-mile 

delivery(5).  

These insights suggest that strengthening vaccine cold chains requires more than equipment alone. Countries 

must cost and fund the total lifecycle of assets, from energy and transport to training and service contracts. 

Policies must harmonize procurement and asset management across national and sub-national levels. Integrating 

temperature and stock data into health information systems can shift programs from reactive to proactive 

management (19,66). 

Inconsistencies and gaps 

Despite growing literature, evidence on vaccine cold chain performance in developing countries remains uneven. 

Studies use varied indicators such temperature excursion rates, stock-outs, equipment uptime, cost-effectiveness 

making comparison across contexts difficult (32). Data quality is often limited, with many reports based on small 

audits, donor-funded pilots, or facility surveys rather than nationally representative assessments (11). Few studies 

evaluate the full cost of ownership, including maintenance and energy, or link cold chain performance directly 

to coverage and health outcomes. 

Behavioural and governance issues are also underexplored. Most reports focus on hardware and infrastructure, 

with less attention to staff practices, supervision, or policy enforcement. Innovations like drones, IoT monitoring, 

and digital dashboards are often documented as pilots, with little evidence on long-term sustainability, 

integration, or impact at scale (8,23,27). Finally, there is minimal analysis of environmental sustainability, such 

as energy efficiency, climate resilience, or waste management in cold chain systems. 

Another gap is the limited integration of behavioural and governance perspectives. Most documents emphasize 

devices and infrastructure, while fewer explore user compliance, motivation, decision-making, or policy 

enforcement. Research on private sector roles, third-party logistics, and financing models is sparse, as is evidence 

on environmental sustainability (energy efficiency, waste disposal). Many innovative tools (e.g., drones, IoT 

monitoring, GIS dashboards) are described in early pilots with limited follow-up on scalability, 

cost-effectiveness, and long-term maintenance. Interoperability between data systems (LMIS, RTM, DHIS2) and 

the effect on program outcomes are under-documented. 

FUTURE DIRECTIONS 

To strengthen vaccine cold chains in developing countries, future work must move beyond equipment 

procurement to focus on sustainability and integration. Countries should prioritize harmonized performance 

metrics, covering excursions, wastage, stock visibility, and cost to enable consistent tracking and benchmarking. 

Large-scale operational research is needed to evaluate innovations like solar direct-drive refrigerators, IoT-based 

remote monitoring, drones, and e-LMIS platforms, not just in pilots but during routine use and emergency 

campaigns. 
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Investment in people and processes is as important as technology. Continuous training, supportive supervision, 

and clear service contracts can improve reliability. Policy reforms should clarify governance, funding, and asset 

management, while fostering partnerships with private and community actors. Integrating cold chain data with 

broader health information systems will support proactive decision-making. Environmental considerations like 

energy efficiency, renewable power, and safe waste management must be incorporated to ensure resilience in the 

face of climate change and evolving vaccine needs. 

CONCLUSION 

Vaccine cold chain systems remain a cornerstone of immunization in developing countries, yet they face 

persistent weaknesses. Infrastructure gaps, power instability, geographic barriers, and underfunded maintenance 

threaten vaccine quality and timely delivery, while fragmented policies and limited workforce capacity add to 

the strain. Emerging solutions show clear promise but are still unevenly deployed and often donor dependent. 

The findings revealed that technology alone is not enough. Sustainable progress requires investments in 

governance, financing, training, and data integration, alongside innovations.  
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