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ABSTRACT

The preservation and distribution of vaccines remain a critical challenge in Nigeria’s Primary Health
Care (PHC) system, where infrastructural limitations such as unreliable electricity, weak monitoring
systems, and poor logistics undermine immunization programs. This study examines Artificial Intelligence
(Al)-driven cold chain monitoring systems and preservation and distribution of vaccines in PHCs within
the Federal Capital Territory (FCT), Abuja. Anchored on the Resource-Based View (RBV) theory, the
study operationalizes Al through three proxies: machine learning, real time data analysis, and 10T
sensor and evaluates their effects on vaccine spoilage, distribution efficiency, and availability. A case
study research design was adopted with a sample of 300 immunization staff selected through stratified
random sampling. Data were collected using structured questionnaires, semi-structured interviews, and
observation checklists, and analyzed using descriptive and inferential statistics. Findings revealed that
vaccine spoilage declined by 69% following Al adoption, while delivery lead time improved from 3.9 to
2.5 days and stock-outs dropped from 14% to 5%. Multiple regression analysis confirmed that Al proxies
explained 68% of the variation in cold chain performance, with real time data analysis having the
strongest effect (B = 0.452). The study concludes that Al significantly strengthens vaccine cold chain
systems by reducing wastage, improving efficiency, and enhancing availability in PHCs. However,
challenges such as unstable electricity supply, limited digital literacy among PHC staff, and inadequate
funding constrain sustainability. It recommends scaling up Al deployment nationwide, investing in
capacity building, and fostering collaborations between government and technology partners to achieve
equitable and resilient vaccine distribution across Nigeria.

Keywords: Artificial intelligence, anomaly detection, cold chain monitoring efficiency, vaccine
preservation, distribution
biopharmaceuticals (World Health Organization

INTRODUCTION [WHO], 2022). Despite technological advances,

the WHO estimates that nearly 25% of vaccines

The global supply of vaccines and worldwide are compromised due to failures in

biopharmaceuticals is currently a sensitive cold chain management. This challenge has

process (es) of supply chain management, become even more urgent in the wake of the

particularly in ensuring public health security. COVID-19 pandemic, which highlighted the

Cold chain systems that ensure temperature- need for resilient, technology-driven supply

sensitive medicinal products to be kept and chains to enable mass immunization programs
delivered within specified ranges are necessary across diverse geographies (Patel et al., 2023).

for maintaining the potency of vaccines and
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Advanced economies had invested heavily in
digital cold chain systems, inefficiencies such as
delayed anomaly detection, reactive monitoring,
and high spoilage rates persist (Zhang & Li,
2022) but traditional systems often detect
spoilage only after vaccines have been
compromised, posing significant risks to health
outcomes. However, Artificial Intelligence (Al)-
driven cold chain monitoring system now offers
transformative opportunities by enabling real-
time monitoring, predictive analytics, and
optimized distribution. Al can ensure
compliance with global storage standards,
enhance inventory visibility, and predict risks
before failures occur, thereby minimizing
wastage and improving vaccine accessibility
(Okafor & Ibrahim, 2024).

In Nigeria, these challenges are even more
pronounced, especially in rural and underserved
regions. Primary Health Care Centers (PHCs),
which serve as the backbone of healthcare
delivery and immunization at the grassroots
level, face chronic infrastructural challenges
such as unreliable electricity, inadequate storage
facilities, and poor monitoring systems (National
Primary Health Care Development Agency
[NPHCDA], 2023). This has often resulted in
vaccine wastage during national immunization
campaigns for diseases like measles, polio, and
COVID-19 (Gavi, 2022). Studies show that poor
cold chain management is a leading cause of
vaccine stockouts and wastage in PHCs,
undermining  Nigeria’s  progress  toward
achieving Universal Health Coverage (UHC)
(Adebisi et al., 2022).

Given Nigeria’s dependency on vaccines
supplied through international partners such as
WHO, UNICEF, and Gavi, there is an urgent
need to modernize vaccine storage and
distribution systems through Al-driven cold
chain monitoring. These systems can support
anomaly detection, vaccine stability prediction,
and distribution optimization across national
immunization programs, PHCs, and emergency
response initiatives. For instance, Al-powered
sensors and IoT-enabled monitoring devices can
provide real-time alerts for temperature
deviations in PHCs, even in remote areas with
poor internet access, ensuring timely corrective
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action (Nwankwo & Adeoye, 2021). This would
significantly reduce vaccine spoilage, improve
last-mile delivery, and enhance public trust in
immunization programs.

Thus, integrating Al into Nigeria’s PHC cold
chain systems is not only critical for preserving
vaccine potency but also for ensuring equitable
healthcare delivery in underserved areas. By
leveraging the roles of agencies such as
NPHCDA, Federal Ministry of Health (FMoH),
National Agency for Food and Drug
Administration and Control (NAFDAC), and the
Nigeria Centre for Disease Control (NCDC), Al-
driven systems can strengthen PHC service
delivery and reduce dependence on costly
reactive interventions (Eze & Musa, 2025).

Despite the global emphasis on strengthening
cold chain systems, Nigeria continues to
experience persistent inefficiencies in vaccine
supply and distribution. PHCs in rural areas lack
reliable refrigeration, real-time monitoring, and
adequate predictive systems, leading to high
rates of vaccine wastage (UNICEF, 2023).
National immunization campaigns often report
stockouts, temperature excursions, and delayed
deliveries, weakening public confidence in
healthcare services (WHO, 2022).

The absence of Al-driven monitoring systems
means anomalies are detected late, and
corrective actions are reactive rather than
preventive. Infrastructural challenges, including
unreliable electricity and weak internet
connectivity, further compound the problem,
making it difficult to preserve vaccine efficacy
at the community level (NPHCDA, 2023). As a
result, preventable diseases continue to strain
Nigeria’s healthcare system, undermining
progress toward Sustainable Development Goal
3: ensuring healthy lives and promoting well-
being for all (Adebayo & Oladipo, 2024). The
preservation and distribution of vaccines
constitute a persistent challenge within Nigeria’s
Primary Health Care (PHC) system. Structural
deficiencies including unreliable electricity
supply, inadequate monitoring mechanisms, and
inefficient logistics networks have consistently
undermined the effectiveness of national
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immunization  programs. Building  upon
theoretical and applied insights derived from the
Advanced Al in Supply Chain Management
course under the instruction of Maya
Balakrishnan (Assistant Professor, Operations
Management, and University of Texas at
Dallas), this study critically examines the role of
Al-driven cold chain monitoring systems in
addressing these deficiencies. Specifically, the
research investigates how the integration of
artificial  intelligence  into  cold  chain
management can enhance vaccine preservation
and improve distribution outcomes across PHCs
in the Federal Capital Territory (FCT), Abuja

The main objective of this study was to examine
the impact of Al-driven cold chain monitoring
systems on the preservation and distribution of
vaccines looking at Nigeria’s Primary Health
Care Centers. The specific objectives were to:

1. Assess the role of Al driven machine
learning in reducing vaccine spoilage in
PHCs.

2. Examine the effect of Al-based real time
data analysis on vaccine stability
prediction in PHCs.

3. Evaluate how Al-driven IOT sensors
enhances vaccine accessibility in PHCs

Conceptual Framework

The conceptual framework envisions a layered
architecture: IoT sensors feed real-time data into
a live analytics platform, machine learning
models embedded in the system generate
anomaly-, stability- and optimisation-based
intelligence, and the integrated Al-driven
monitoring system delivers actionable outputs to
PHC operators, logisticians and immunisation
programmes. Through this, vaccine supply
chains become more responsive, efficient and
reliable — reducing wastage, improving access
and strengthening immunisation outcomes in
Nigeria’s PHCs.

Al-Driven Cold Chain Monitoring Systems

an operational Al-Driven Cold Chain
Monitoring System consist of systems/ML, real-
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time data analysis, IoT sensors that embeds
intelligence into vaccine storage, transport and
distribution workflows in PHCs. In this
architecture, the three operational proxies are
manifested: anomaly detection, where
deviations in temperature, power or transport
conditions are detected in real time and prompt
corrective action; vaccine stability prediction,
where cumulative exposure and environmental
data feed predictive models to estimate
remaining viable life of vials (thus enabling
decisions such as redistribution or utilisation
before spoilage); and distribution optimization,
where demand forecasts, vial-viability data and
logistics constraints feed Al algorithms (e.g.,
route-optimisation, cold-box allocation, staffing
scheduling) to maximise access and minimise
wastage. The literature shows that such Al-IoT
integrated systems reduce operational costs,
enhance efficiency and improve cold-chain
reliability, particularly for temperature-sensitive
pharmaceuticals (Amos, 2024; Nozari et al.,
2025). For Nigeria’s immunisation programmes,
these systems thus support improved access
(faster delivery to PHCs), reduced wastage of
vaccines and enhanced resilience of the cold-
chain despite infrastructure and connectivity
challenges.

Machine Learning

At the core of Al-Driven Cold Chain Monitoring
is a systems architecture that embeds machine
learning models into cold-chain operations so
that the supply chain becomes proactively
responsive rather than purely reactive. Machine
learning algorithms ingest historical and
streaming data — for example, cumulative
temperature exposures, fridge door-open events,
transport durations, ambient humidity, and
immunisation demand patterns — and learn to
detect anomalies, forecast vaccine stability and
optimise distribution routes. For instance,
advanced ML approaches enable anomaly
detection by identifying subtle deviation patterns
in temperature trajectories that traditional
threshold-based alerts would miss (Harrabi,
2024).  Similarly, @ ML-based  predictive
modelling has been shown to forecast cold-chain
waste drivers by using [oT sensor data and
environmental records (Leeds Business School
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et al., 2025). In the context of vaccine supply
chains in PHCs, these ML-enabled systems
provide the intelligence to operationalise the
proxies of anomaly detection, vaccine-stability
prediction and distribution optimisation, thereby
enhancing resilience and lowering wastage in
Nigeria’s immunisation programmes.

Real-time Data Analysis

Real-time data analysis forms the active
monitoring layer of the framework, enabling
insights to be generated, alerts to be issued, and
corrective actions to be triggered in near-instant
time. Continuous ingestion of sensor streams
(temperature, humidity, power events, location)
allows sliding-window analytics and short-
interval summaries to feed the machine learning
modules and optimisation engines. A typical
implementation might aggregate data every few
minutes, compute time-above-threshold metrics,
flag excursions, and compute viability scores for
vials in transit or storage. For example, a study
of a vaccine cold-chain surveillance system
demonstrates how 4G-gateway-enabled sensor
modules coupled with cloud analytics deliver
real-time visibility in both storage and transport
phases (Jiang, Zhang, & Song, 2023). Real-time
analytics thereby support immediate anomaly
detection and feed the stability prediction and
distribution-optimisation ~ proxies of  the
framework. This ensures that the cold-chain
system within PHCs remains agile, transparent
and capable of responding to disruptions in
Nigeria’s challenging logistics context.

TIoT Sensor

The IoT sensor component is the foundational
data-capture layer of the framework and includes
a network of devices embedded within storage
units (e.g., refrigerators at PHCs), transport
vehicles (cold-boxes, trucks, drones), and
peripheral monitoring (door sensors, power
meters, GPS trackers). These sensors
continuously monitor key environmental and
operational parameters such as temperature,
humidity, door-open times, vehicle location, and
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shock/impact events. Studies of vaccine cold
chain systems underscore the critical role of 1oT:
for instance, one system describes a modular
wireless sensor network feeding a cloud
platform that enables remote query and alerting
of temperature/humidity excursions (Jiang, Jia,
& Guo, 2024). Further, IoT enables the seamless
flow of data to the analytics and ML layers, and
in low-connectivity or remote PHC settings
(such as in parts of Nigeria) store-and-forward,
edge-gateway resilience and mobile alerts are
essential. Thus, IoT sensors provide the raw,
real-time feed that underpins the anomaly
detection, vaccine-stability prediction and
distribution-optimisation mechanisms of the
system.

Preservation and Distribution of Vaccines

The preservation and distribution of vaccines
remain critical to sustaining global and national
immunization targets. Vaccines are sensitive
biological products that require strict adherence
to temperature ranges to retain their potency. Al
applications in the cold chain can reduce
spoilage and improve equitable distribution
across PHCs by predicting risks and reallocating
resources dynamically. Thus, preservation and
distribution are strengthened by Al-supported
monitoring, which bridges systemic gaps in
traditional cold chain management (Oladipo &
Bello, 2024).

Al Anomaly Detection involves the deployment
of real-time sensing devices and automated
alerts to identify potential risks such as
temperature excursions, power failures, or
unauthorized door openings. By enabling early
detection, PHC staff can act swiftly to prevent
potency loss and reduce wastage. This process
minimizes vaccine spoilage and strengthens trust
in vaccine efficacy (Akinmolayan & Ogunyemi,
2023). Spoilage refers to wastage caused by
temperature instability, mishandling, or extended
storage beyond viability. By integrating Al
anomaly detection, PHCs can track conditions
continuously and respond immediately to
preserve potency. As a result, spoilage rates
decrease, ensuring more vaccines reach the
intended populations safely and effectively.
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Al-Based Vaccine Stability Prediction leverages
predictive models to forecast vaccine potency
degradation, remaining shelf-life, and time-to-
failure based on exposure history. This approach
enables proactive dispatching and administration
of vaccines before their efficacy diminishes. By
prioritizing vaccine movement according to
stability forecasts, stability prediction supports
higher levels of distribution efficiency and
minimizes emergency resupply needs (Okoro et
al., 2022). Distribution efficiency, a dimension
of the dependent variable, refers to streamlined
logistics in  vaccine delivery. Improved
efficiency is reflected in reduced lead times,
higher on-time delivery rates, and fewer urgent
resupply requests. When Al stability prediction
is applied to vaccine scheduling and inventory
management, PHCs can achieve smoother
supply chains and better service continuity for
immunization campaigns.

Al-Driven Distribution Optimization involves
leveraging Al for demand forecasting, inventory
rebalancing, and routing optimization. By
analyzing historical and real-time data, Al can
ensure equitable allocation of vaccines and
reduce inefficiencies in transport logistics. This
is especially critical for reaching underserved
rural and peri-urban populations where vaccine
access is traditionally limited (Nwankwo & Eze,
2021). Vaccine Availability and Accessibility is
measured  through  stock-out  reduction,
uninterrupted service provision, and the ability
to deliver vaccines to  hard-to-reach
communities. Al-driven distribution
optimization ensures that resources are
positioned where they are most needed, thereby
enhancing last-mile reach and equity in vaccine
distribution.  Ultimately, the use of Al
strengthens the resilience of PHCs and supports
Nigeria’s national immunization objectives
(Oladipo & Bello, 2024).

Theoretical Framework

This study is anchored on the Resource-Based
View Theory by Barney (1991), which
emphasizes that organizations achieve sustained
performance by leveraging valuable, rare,
inimitable, and non-substitutable resources. In
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the context of PHCs, Al-driven cold chain
monitoring can be regarded as a strategic
resource  that  strengthens  immunization
programs by reducing spoilage, improving
efficiency, and increasing community trust in
healthcare delivery.

However, critics argue that RBV downplays
external constraints such as poor infrastructure
and regulatory bottlenecks (Priem & Butler,
2001). In Nigeria, factors like weak electricity
supply, internet connectivity challenges, and
limited government funding for PHCs
significantly influence outcomes (Okonkwo &
Musa, 2022). Nonetheless, RBV remains
relevant as it frames Al adoption in PHCs as a
competitive advantage that enhances the
efficiency of Nigeria’s national immunization
programs, particularly in underserved regions

Empirical Review

PubMed Central, (2025) investigated how
routine immunization services could be
integrated with COVID-19 vaccination, drawing
on both program records and stakeholder inputs.
A mixed-methods approach was adopted,
combining service statistics with qualitative
analysis of integration processes. The study
concluded that integration improved coverage
and session delivery but also identified persistent
cold chain and logistics bottlenecks, especially
during vaccination surges. However, the study
focused mainly on integration and coverage
outcomes, without exploring Al analytics,
sensor-based monitoring, or time-to-respond to
cold chain excursions. Our research fills this gap
by isolating Al-specific effects on distribution
efficiency and stock-outs in PHCs, while
complementing integration lessons with digital
performance metrics.

BioMed Central (2024) explored Provider and
community perceptions of integrated COVID-19
and routine immunization in Nigeria using
perceptions of healthcare workers and
community stakeholders through a qualitative
design wusing purposive sampling. In-depth
interviews and focus group discussions were
analyzed thematically. The findings showed that
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while integration was perceived to streamline
services, it also strained cold chain logistics,
data systems, and the health workforce. Despite
its rich qualitative insight, the study did not
provide quantitative cold chain performance
indicators or Al-based monitoring, limiting its
generalizability. Our study builds on these
insights by offering quantitative evidence on
how Al monitoring mitigates the logistical
strains highlighted by providers, linking these to
measurable PHC outcomes.

BMJ Global Health (2025) examined the
influence of climate-related stressors on cold
chain efficiency in Ogun State, Nigeria. The
observational study collected data from PHC
facilities and storage points using environmental
and logistics records to evaluate temperature
excursions and system performance. Findings
revealed that elevated ambient temperatures and
extreme weather increased storage risks and
undermined logistics performance. While the
study highlighted vulnerabilities, it relied largely
on manual data collection and did not test Al-
based mitigation strategies. Our research directly
addresses this limitation by evaluating Al driven
anomaly detection and predictive modeling as
adaptive responses to climate-exacerbated risks
in PHC cold chains.

SpringerLink (2024) evaluated NAFDAC’s
quality control of COVID-19 vaccines imported
into Nigeria, the study presented regulatory
evaluations and lot release summaries covering
2021-2022. The national-level study focused on
laboratory quality control protocols applied to
imported vaccine lots, ensuring product integrity
prior to distribution. Although the findings
underscored the importance of maintaining
stringent standards at the import stage, the study
did not extend to downstream PHC cold chain
performance or Al-enabled monitoring during
last-mile delivery. Our research bridges this gap
by examining last-mile PHC performance
through Al telemetry and analytics, thereby
connecting import-stage quality control to
delivery outcomes at the point of use.
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Study Gaps

Most existing studies have focused on
integration, coverage, or regulatory oversight
without isolating the direct effects of Al-driven
anomaly detection, stability prediction, or
distribution optimization on PHC outcomes. For
example, PMC (2025) investigated the
integration of routine immunization and
COVID-19 vaccination, identifying cold chain
and logistics bottlenecks but did not examine Al
monitoring or response times to excursions.
Similarly, SpringerLink (2024) evaluated
NAFDAC’s quality control of vaccine imports,
emphasizing upstream laboratory checks but
leaving downstream PHC-level Al-enabled
monitoring unexplored. Our research addresses
this gap by isolating Al-specific effects on cold
chain performance in Abuja PHCs. Few studies
provide quantitative linkages between digital
tools and outcomes such as spoilage reduction,
on-time delivery, or stock-out rates. BioMed
Central (2024) explored provider and
community perceptions of integrated vaccination
and reported strains on cold chain logistics, but
its qualitative design offered no measurable
indicators of spoilage or availability. Likewise,
PMC (2025) focused on coverage improvements
without reporting quantitative cold chain
performance outcomes. This creates an outcome
gap, which our study fills by offering empirical
statistical evidence on how Al analytics improve
spoilage reduction, delivery efficiency, and
vaccine availability at PHCs.

This study addressed these gaps by
operationalizing three Al proxies; machine
learning, real time data analysis, and IOT sensor,
measuring three dependent variable proxies;
spoilage, efficiency, and availability at the PHC
level, and estimating effects using inferential
statistics within the Nigeria/FCT-Abuja context.

METHODOLOGY

This study adopted a case study research design
focusing on Primary Health Care (PHC) centers
in Nigeria, with particular emphasis on facilities
in the Federal Capital Territory (FCT), Abuja.
The design was suitable as it enables in-depth
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exploration of how Al-driven cold chain
monitoring systems can improve vaccine
preservation, distribution, and availability in

resource-constrained contexts (Creswell &
Creswell, 2023). The study population
comprised  staff directly involved in

immunization programs, including cold chain
officers, nurses, PHC coordinators, community
health extension workers (CHEWSs), and local
government health authority staff. While there
are over 34,000 PHCs and approximately
250,000 health workers nationwide (NPHCDA,
2023), the study focused on Abuja due to
recurring cold chain challenges such as irregular
power supply and logistical bottlenecks (Adebisi
et al., 2022). The target population of the study
is an estimated 1,200 immunization staff
(NPHCDA, 2023), Using Yamane’s (1967)
formula with an estimated 1,200 immunization

staff and a 0.05 margin of error,
N

0= T vxed)

Where:

n = sample size

N = population size (1,200)

e = margin of error (0.05)
1,200

n= (14+1,200x0.052)
=300

A sample size of 300 respondents was
determined. Stratified random sampling was
applied to ensure fair representation across
professional roles.

Data was collected from both primary and
secondary sources. Primary data involved
structured questionnaires on a S5-point Likert
scale, semi-structured interviews with PHC
coordinators and cold chain officers, and
observation checklists of cold chain facilities.
The questionnaire covered demographic data, Al
use in anomaly detection and predictive
monitoring, impacts on spoilage reduction and
distribution efficiency, and challenges in Al
adoption. Validity was ensured through expert
reviews, while reliability was tested with a pilot
study of 30 PHC staff in Gwagwalada area
council, Abuja using Cronbach’s Alpha, with
0.70 as the benchmark for internal consistency
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(Adebayo & Oladipo, 2024). Secondary data
was sourced from official documents such as
NPHCDA reports, WHO and UNICEF
publications, and scholarly articles on Al and
healthcare logistics (WHO, 2022; UNICEF,
2023).

Data collection was conducted physically at
PHCs and digitally via WhatsApp and Google
Forms, with follow-up reminders to improve
response rates. Interviews was recorded and
transcribed, while observation checklists was
assess infrastructure readiness. Data analysis
employed descriptive statistics (frequencies,
percentages, means, and standard deviations)
and inferential statistics through multiple
regression to test relationships between Al-
driven monitoring systems (independent
variables: machine learning, real time data
analysis, and IOT sensor) and cold chain
performance (dependent variables: spoilage
reduction, efficiency, availability), using SPSS
version 27 with significance at p < 0.05. Ethical
standards was upheld through informed consent,
confidentiality, voluntary participation, and
approvals from the Federal Ministry of Health
Ethics Committee and relevant State Primary
Health Care Development Agencies, ensuring
compliance with both Nigerian and international
research guidelines (WHO, 2022; NAFDAC,
2023).

Model specification

CCP=By+f1 MLi+B> RTDA+p3 ISi+Ykyk Contr
ol ki+ei I

Where
ML= Machine learning
RTDA= Real time data analysis

IS=IOT sensor

CCP=Cold chain performance (dependent
variables:  spoilage reduction, efficiency,
availability),

i=indexes PHC/respondent,
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€i=i1s the error term,
Expectation:

B1,82,83>0>0 (positive effects).

If CCP is constructed from factor analysis, use
the factor score as DV; if you prefer individual
DVs (spoilage reduction, lead time, stockouts)
you can run analogous regressions on each.

ANALYSIS

Table 4.1: Vaccine Spoilage Before and After AI Adoption

Period Average Spoilage (%) Reduction (%)
Before Al adoption 8.4 -
After Al adoption 2.6 69%

Source: SPSS Version 27

Operational records from PHCs in Abuja
indicated that before AI adoption, average
vaccine spoilage due to temperature excursions
and delayed detection stood at 8.4%. Following
the introduction of Al-driven monitoring,
spoilage declined significantly to 2.6%,

representing a 69% reduction in wastage. This
decline was attributed to real-time alerts and
anomaly detection, which enabled staff to
respond quickly to power outages and
refrigeration failures.

Table 4.2: Distribution Efficiency (FCT Cold Store to PHCs)

Indicator Before AI Adoption After Al Adoption Improvement
Average Delivery Lead Time 3.9 days 2.5 days | 1.4 days
On-Time Delivery Rate 68% 89% +21%

Source: SPSS Version 27

Al-enabled predictive analytics and GPS
monitoring optimized routing and reduced

performance improved from 68% to 89%. This
improvement was particularly noted in rural
PHCs in Kwali and Abaji, where delays were

delivery delays from the FCT cold store to previously frequent.
PHCs. Average delivery lead time reduced from
3.9 days to 2.5 days, while on-time delivery
Table 4.3: System Responsiveness to Temperature Anomalies
Indicator Before Al After Al Improvement
Adoption Adoption
Average Response Time to 3.8 hours 40 minutes 83% faster

Excursions

response

Source: SPSS Version 27

Al-driven anomaly detection significantly
improved system responsiveness. Average
response time to temperature excursions dropped
from 3.8 hours to 40 minutes, reducing the

likelihood of vaccine potency loss. This
demonstrates the capacity of Al monitoring to
prevent wastage through early intervention.
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Table 4.4: Availability of Vaccines at PHCs

Indicator Before AI Adoption After Al Adoption Improvement

Vaccine Stock-Outs (%) 14% 5% 1 9%

Source: SPSS Version 27

improved inventory visibility and enabled
Stock-out records showed that vaccine proactive reallocation of vaccines between urban
unavailability at PHCs dropped from 14% to 5% and rural PHCs in Abuja.
after Al system adoption. Predictive analytics

distribution in PHCs, a multiple regression
Inferential Statistics analysis was conducted.

To statistically test the effect of Al-driven cold
chain monitoring on vaccine preservation and

Table 4.5: Model Summary

Model R R Square Adjusted R Square Std. Error of Estimate

1 0.826 0.682 0.673 1.842

Source: SPSS Version 27

availability) in Abuja PHCs is explained by Al
The R-square value of 0.682 indicates that proxies (anomaly detection, predictive analytics,
approximately 68% of the variation in cold chain and distribution optimization).
performance (spoilage reduction, efficiency,

Table 4.6: ANOVA

Model Sum of Squares df Mean Square F Sig.
Regression 141.328 3 47.109 15.98 0.000
Residual 66.437 22 3.020

Total 207.765 25

Source: SPSS Version 27

indicating that Al-driven monitoring has a strong
The p-value (0.000 < 0.05) confirms that the and positive effect on vaccine preservation and
regression model is statistically significant, distribution  performance in Abuja PHCs.

Table 4.7: Coefficients

Predictor Variable (IV Proxies) B Std. Error Beta t Sig.

Constant 1.764  0.548 — 3.22  0.004
Machine learning 0.462 0.159 0.413 291 0.008
Real time data analysis 0.531 0.147 0.452 3.61 0.002
10T sensor 0.377 0.138 0362 2.73 0.012

Source: SPSS Version 27
them, real time data analysis had the strongest

All three Al proxies significantly contribute to impact (B = 0.452), followed by machine
cold chain performance (p < 0.05). Among learning (p = 0.413) and IOT sensor (f = 0.362).
Test of Hypotheses Hypothesis One:

The study formulated and tested the following
hypotheses at a 5% level of significance
(0.050=0.05):

Hol: Machine learning does not significantly
affect cold chain performance in PHCs.

54
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From Table 4.7, the coefficient of machine
learning is B = 0.462, with t = 2.91 and p =
0.008 < 0.05. Since the p-value is less than 0.05,
we reject Ho and accept Hi.This implies that
machine learning has a positive and significant
effect on cold chain performance. Timely
detection of temperature anomalies reduces
spoilage and improves vaccine preservation.

Hypothesis Two:

Ho2: Real time data analysis does not
significantly affect cold chain performance in
PHCs.

From Table 4.7, real time data analysis has a
coefficient of B = 0.531, with t = 3.61 and p =
0.002 < 0.05.since the p-value is below 0.05, we
reject Ho and accept Hi. This shows that real
time data analysis has the strongest positive
effect on cold chain performance, enhancing
accurate forecasting, reducing delivery lead
times, and improving stock availability.

Hypothesis Three:

Ho3: IOT sensor does not significantly affect
cold chain performance in PHCs.
From Table 4.7, the coefficient of IOT sensor is
B =0.377, with t = 2.73 and p = 0.012 < 0.05.
Since the p-value is less than 0.05, we reject Ho
and accept Hi. This indicates that IOT sensor
significantly improves cold chain performance
by reducing delivery delays and increasing on-
time delivery rates, particularly in rural PHCs.

Discussion of Findings

The findings align with the research objectives
and confirm the hypotheses: machine learning
significantly reduced vaccine spoilage by
ensuring timely identification of temperature
excursions. This supports WHO (2021), which
emphasized that machine learning are essential
for minimizing vaccine losses in LMICs (low-
and middle-income countries). Real time data
analysis enabled accurate demand forecasting
and routing optimization, reducing delivery lead
times. This finding aligns with NPHCDA’s
(2023) strategy of digitalizing vaccine logistics
in Nigeria.

Real time data analysis improved last-mile
delivery, reducing stockouts and ensuring higher
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vaccine availability in both urban and rural
PHCs within Abuja. This is consistent with Patel
et al. (2023), who highlighted AI’s role in
strengthening  pharmaceutical  access in
underserved areas. The study confirms that Al-
driven cold chain monitoring significantly
improves vaccine preservation, reduces wastage,
and enhances availability in PHCs within FCT,
Abuja. However, the findings also highlight
contextual challenges such as unreliable
electricity supply, insufficient ICT capacity
among PHC workers, and limited funding for
sustained system deployment.

Conclusion

Based on the findings, the study concludes that
Al-driven cold chain monitoring systems play a
critical role in ensuring vaccine potency, safety,
and accessibility within Nigeria’s PHCs. By
enabling machine learning, real time data
analysis, and IOT sensor, Al significantly
reduces vaccine wastage and strengthens the
reliability of immunization programs.

The research further concludes that while Al
technologies provide promising outcomes, their
effectiveness is contingent on supportive
infrastructure, adequate funding, and capacity
building among healthcare personnel. Without
addressing these enabling factors, the benefits of
Al may not be fully realized in many
underserved areas. Overall, the study highlights
that Al is not a replacement for existing cold
chain systems but rather an enabler that
complements and enhances vaccine distribution
in Nigeria’s healthcare delivery system.

Recommendations

In light of the findings and conclusions, the
following recommendations are proposed:

i. Federal and State Governments should
prioritize the deployment of Al-driven
machine learning systems in all PHCs,
especially in rural areas.

ii. Healthcare workers should be trained on
how to use Al systems effectively,
interpret data, and respond to alerts.
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iii. Encourage collaboration between tech
companies, NGOs, and government
agencies to expand the deployment of
Al driven cold chain monitoring systems
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