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Abstract

This study designed and piloted an loT-enabled monitoring framework for school nutrition programs. The system incorporated temperature,
humidity, and food weight sensors, with RFID tracking for logistics and cloud-based dashboards for analysis. Evaluation indicators
included compliance with national nutrition guidelines, distribution timeliness, food safety parameters, and stakeholder feedback. Pilot
deployment demonstrated that the [oT framework enhanced monitoring accuracy, reduced food wastage, and ensured greater adherence to
nutritional standards. Data from sensors enabled early detection of temperature deviations and logistic delays, while dashboards facilitated
evidence-based decisions by administrators. Preliminary outcomes also suggested improved student attendance and satisfaction due to
more reliable meal provision. loT-enabled intelligent monitoring provides a scalable and transparent solution for evaluating a free nutritious
meal program. This approach supports national policy objectives by strengthening accountability, improving service delivery, and gener-
ating actionable insights, and contributes to better child health and education outcomes. Future research should expand deployment at scale
and integrate predictive analytics to optimize program management further.
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1. Introduction

School-based nutrition programs have increasingly been recognized for their vital role in improving child health outcomes, educational
achievement, and overall well-being. The World Health Organization (WHO) and the Food and Agriculture Organization (FAO) emphasize
that adequate nutrition during childhood is essential for proper growth and cognitive development [1]. Free meal schemes have successfully
addressed child malnutrition in several countries, including India, Brazil, and Indonesia, particularly among socio-economically disadvan-
taged populations [2], [3]. These programs have been linked to enhanced dietary diversity and improved school attendance rates, illustrating
the multifaceted impact of nutrition on education and health [4]. However, the implementation of large-scale school meal programs faces
numerous challenges. Issues such as inconsistent food quality, insufficient alignment with nutritional guidelines, food safety concerns, and
logistical inefficiencies can hinder the effectiveness and sustainability of these initiatives [5]. Traditional monitoring approaches often lack
the necessary rigor, relying heavily on infrequent inspections and manual reporting protocols. This can lead to a significant disconnect
between policy intentions and tangible outcomes in schools [6]. The literature indicates that many of these issues could be mitigated with
more robust monitoring and evaluation strategies that employ innovative technological solutions [7].

The advent of digital technologies, particularly the Internet of Things (IoT), presents unprecedented opportunities for enhancing the effec-
tiveness of school nutrition programs. IoT applications in various sectors have demonstrated real-time monitoring and data analytics po-
tential, facilitating improved decision-making processes [8]. In school meal schemes, [0T systems can continuously monitor critical pa-
rameters like food temperature, storage conditions, and nutritional content, while integrating data on student health and attendance [9]. By
employing these technologies, stakeholders can create a transparent evaluation framework that ensures compliance with nutritional stand-
ards and connects program outcomes to broader health and educational indicators [10].

The intersection between IoT technology and school nutrition programs is still relatively unexplored, especially regarding large-scale
governmental initiatives. While existing studies have focused on the benefits of nutrition programs and the efficacy of IoT in related fields,
comprehensive research synthesizing both domains is lacking [11]. Thus, this research endeavors to develop and pilot an IoT-enabled
monitoring framework explicitly tailored for free nutritious meal schemes. By evaluating the impact of IoT technologies on food safety,
nutritional compliance, and logistical efficiency, this study aims to provide actionable insights for policymakers and practitioners to en-
hance both the delivery and quality of nutrition programs for children [12]. The systematic integration of IoT into school nutrition programs
could revolutionize monitoring and evaluation processes, addressing enduring challenges while better aligning program implementation
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with intended health outcomes. This research will contribute significantly to the existing discourse on digital transformation in public

health, advocating for evidence-based approaches that enhance educational experiences and ensure healthier futures for vulnerable popu-

lations.

Free nutritious meal programs are critical for addressing malnutrition and improving learning outcomes, yet challenges in monitoring often

undermine their implementation. Manual reporting and periodic inspections provide limited visibility into food safety, nutritional adequacy,

and logistic efficiency, creating contamination risks, waste, and inequitable distribution. Although digital technologies and IoT applications

have advanced rapidly in agriculture, food safety, and health care, their integration into school nutrition monitoring remains limited. Ex-

isting studies focus on nutrition program evaluation or IoT applications in supply chain management, without bridging the two in a com-

prehensive framework. Consequently, there is insufficient evidence on how IoT can enhance accountability and outcomes in large-scale,

government-led school meal programs.

Research objectives:

1) To design and implement an IoT-enabled monitoring framework tailored to the free nutritious meal programs.

2) To evaluate the framework's capacity to ensure food safety, verify nutritional compliance, and improve logistic efficiency.

3) To link monitoring data with student-level outcomes, such as attendance and fundamental health indicators, thereby generating
evidence for policy and program improvements.

This study offers theoretical and practical contributions to public health, education, and digital innovation. From a practical perspective,

the study provides policymakers and program implementers with a scalable framework to improve accountability, transparency, and

efficiency in free nutritious meal schemes. The IoT-based system allows real-time tracking of food safety, nutritional compliance, and

logistic performance, thereby reducing wastage and minimizing contamination risks. By linking program monitoring with student

attendance and health outcomes, the framework generates actionable insights for education and health ministries, enabling evidence-based

decision-making. Furthermore, the findings highlight opportunities and barriers for adopting digital innovations in resource-constrained

school environments, offering guidance for future large-scale implementation.

2. Literature Review

2.1. Global experiences in school meal programs

School feeding programs (SFPs) are critical in improving nutritional outcomes for children, particularly in developing contexts. However,
monitoring systems across different countries exhibit significant variability in scope, technology use, and data accuracy. The Mid-Day
Meal Scheme (MDMS) in India exemplifies a traditional approach that relies on manual inspections and paper-based reporting to ensure
compliance with nutritional standards. While local inspections can provide accountability, they are often hindered by reporting delays,
inaccuracies, and a lack of real-time decision-making capabilities, as indicated by analyses of traditional monitoring methods [13]. These
obstacles can delay responses to critical issues affecting child nutrition and food quality. Conversely, the Portuguese National School Food
Program (PNAE) employs a centralized approach that implements structured guidelines and periodic audits to align its practices with
nutritional benchmarks. However, this method has similar limitations, such as dependency on scheduled visits that fail to capture daily
variations in food quality and children's consumption patterns [14]. The reliance on retrospective data collection inhibits timely interven-
tions and adjustments needed to enhance program effectiveness. Indonesia's Program Makan Bergizi (PMB) represents a recent commit-
ment to institutionalizing nutrition within schools. Launched to improve children's dietary habits, the program faces challenges from varied
geographic and socio-economic conditions that hinder consistent implementation. As noted in a review by Karmini et al. [15], while PMB
has established monitoring and quality assurance frameworks, it still grapples with geographical disparities and resource limitations. These
ongoing challenges highlight the necessity for enhanced monitoring mechanisms to ensure the program's effectiveness across different
contexts.

The experiences of these three countries underscore the global importance of school meal programs while highlighting common issues
related to monitoring and Evaluation. Recent studies emphasize the need for stronger frameworks to assess the impacts and effectiveness
of'school feeding programs comprehensively [16], [17]. Integrating modern technologies, such as digital monitoring tools and IoT solutions,
could address some of these gaps by improving the transparency and accountability of school meal initiatives, as pointed out by contem-
porary studies on public health interventions [18]. Existing school-feeding and nutrition monitoring systems vary considerably in scope
and technological integration. For instance, India's Mid-Day Meal Scheme (MDMS) has primarily relied on manual inspections and paper-
based reporting to track compliance with nutrition and hygiene standards. While such inspections provide accountability at local levels,
studies highlight significant reporting delays, data accuracy inconsistencies, and limited real-time decision-making scalability [19].

In light of these challenges, IoT-based monitoring frameworks present a potential solution that addresses the shortcomings of existing
systems. [oT technologies can significantly improve nutritional oversight by utilizing interconnected sensors and real-time data dashboards.
Unlike MDMS's traditional inspections, IoT systems can automatically log vital parameters such as food temperature, portion sizes, and
delivery times [20]. This capability minimizes reporting lags and enhances the timeliness of data, enabling stakeholders to respond more
swiftly to potential risks like food contamination or cold chain failures. Additionally, the predictive analytics enabled by loT frameworks
allow for the early detection of emerging issues, thereby preventing them from escalating into broader programmatic crises [21]. While
traditional school feeding programs such as MDMS and PNAE provide valuable frameworks for improving child nutrition, they are con-
strained by significant operational deficiencies. The integration of IoT solutions offers a paradigm shift, enabling continuous monitoring
and immediate response capabilities that could considerably enhance the nutritional outcomes of these initiatives.

This comparison suggests that IoT-based systems enhance accuracy and timeliness and expand the scope of monitoring from compliance-
checking to proactive risk management. Nevertheless, challenges remain, particularly regarding the cost of infrastructure deployment in
resource-limited contexts and the need for robust data governance to ensure privacy and reliability. Table 1. Style comparison (columns:
MDMS, PNAE, IoT framework; rows: Monitoring Approach, Data Accuracy, Timeliness, Limitations.

Table 1: Comparative Analysis of Monitoring Approaches in School Feeding Programs

Aspect MDMS (India) PNAE (Portugal) IoT-based Framework (Proposed)
Monitoring Manual inspections; paper-based Centralized guidelines; periodic Real-time monitoring via IoT sensors and digital
Approach reports audits dashboards

Variable; prone to reporting bias Relatively structured, but dependent

Data Accurac O .
Y and omission on human audits

High; automated collection reduces human error
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Delayed (reports submitted after Immediate, real-time data available for instant

Timeliness . . Moderate; audit cycles not real-time .

inspections) analysis
Scope of Focus on compliance and hygiene  Nutritional benchmarks and Multi-dimensional (food quality, temperature,
Monitoring checks compliance verification logistics, consumption)

Simple, low-cost, community- Clear standards; government Continuous monitoring, predictive analytics, and
Advantages . - L .

based oversight accountability proactive risk detection

N Time lag, inconsistency, and Lack of daily fluctuation capture, Infrastructure cost, digital divide, and data

Limitations .. o .

limited scalability retrospective governance needs

2.2. Challenges in monitoring and evaluation

Effective monitoring is essential for the success of large-scale nutrition programs. However, many of these initiatives still depend heavily
on traditional methods such as manual reporting, administrative inspections, and paper-based audits. These methods often result in delayed,
fragmented, and inaccurate reporting, which can lead to significant underreporting of critical data [22]. Key challenges faced in this context
involve adhering to food safety standards, verifying nutritional adequacy, preventing logistical delays, and minimizing food wastage, all
exacerbated by the lack of reliable real-time data.

The monitoring of food safety remains a critical area of concern. Without real-time data, it becomes increasingly complex for policymakers
to swiftly identify issues such as food contamination or failures in adhering to nutritional standards. This issue is prevalent in large programs
like India's Mid-Day Meal Scheme, where significant gaps exist between intended policy outcomes and actual health benefits experienced
by schoolchildren [23]. The reliance on outdated reporting methods can lead to considerable delays in addressing these health and safety
concerns, ultimately diminishing the effectiveness of nutrition interventions. The challenge of verifying nutritional adequacy is com-
pounded by limitations in current evaluation frameworks. According to Trapp et al. [24], without systematic assessments incorporating
rigorous nutritional monitoring, the actual impact of school feeding programs on children's health may remain obscured. Programs need to
collect and analyze data effectively to establish clear links between food quality and health outcomes, which is currently hampered by
inefficient monitoring practices.

Logistical efficiency is another area where traditional monitoring methods fall short. Efforts to streamline operations are often undercut by
delays in food delivery, inconsistent meal preparation, and poor inventory management. These inefficiencies contribute to food wastage
and hinder the timely service to students, especially in resource-constrained settings that are common in developing nations [25]. A cohe-
sive and responsive logistical framework is essential in mitigating these risks; however, it often remains unattended due to inadequate
supervision and capacity-building efforts. The challenges of monitoring and Evaluation in school meal programs can ultimately lead to a
divide between policy objectives and the on-ground realities children face. To bridge this gap, incorporating innovative digital solutions
for monitoring is crucial. For example, loT-based monitoring tools could provide stakeholders with immediate access to data, enabling
timely interventions and enhancing the overall efficacy of nutrition programs. Such advancements, if adopted, could significantly transform
the landscape of nutrition monitoring in schools, leading to improved health and educational outcomes for children globally.

2.3. IoT applications in related domains

The Internet of Things (IoT) has demonstrated transformative potential in various sectors intersecting nutrition monitoring, enhancing
efficiency, transparency, and decision-making. IoT sensors are critical in ensuring compliance with Hazard Analysis and Critical Control
Points (HACCP) standards in food safety by continuously tracking parameters such as storage temperature, humidity, and microbial risks.
This real-time monitoring reduces the likelihood of foodborne illnesses and ensures that food served in school meal programs is safe for
consumption [20, [25]. The application of IoT in supply chain management through Radio-Frequency Identification (RFID) tags and GPS
technologies enables end-to-end visibility, mitigating delays and improving accountability in food distribution. These tools facilitate better
tracking of food items from farm to school, ensuring that children receive fresh and nutritious meals, which aligns with improving dietary
quality in nutrition programs [26]. As noted by Junita & Yuniantol.[27] Integrating such technologies can help streamline logistics and
consistently meet nutritional goals across diverse geographic regions.

In the healthcare sector, [oT has been leveraged for remote monitoring of patient health indicators, showcasing its ability to integrate
environmental data with individual health information. This linkage is crucial for understanding the broader context affecting children's
nutritional statuses. For instance, databases combining ecological and personal health data can inform targeted interventions for at-risk
populations [24], [28]. The potential of IoT to enhance healthcare monitoring highlights its applicability in school nutrition initiatives,
where maintaining optimal conditions and monitoring health outcomes are vital.

Despite these advances, the application of IoT within school nutrition programs remains limited. Current research predominantly empha-
sizes its efficacy in food safety, supply chain management, and health care, with a notable gap in empirical studies assessing its implemen-
tation in school-based nutrition systems [29]. This is particularly pertinent in contexts such as school feeding programs in developing
nations, where implementing technology can face infrastructure, training, and funding hurdles. Significant improvements in program ac-
countability, food safety, and nutritional compliance could be achieved by addressing these barriers and expanding IoT applications into
school meal monitoring. While the [oT presents numerous opportunities for enhancing nutritional monitoring and Evaluation, its integration
into school nutrition programs has not yet been fully realized. However, lessons from its successes in related domains provide a founda-
tional understanding of navigating implementation challenges, identifying potential benefits, and improving children's health and education
outcomes through better nutrition.

2.4. Identified research gap

Integrating the Internet of Things (IoT) into school meal monitoring frameworks has garnered attention due to its potential to enhance the
effectiveness of nutrition programs, especially in ensuring food safety, efficiency, and accountability. However, as the literature currently
stands, there is a notable gap in exploring interdisciplinary approaches combining IoT technology with nutrition interventions specifically
designed for schools. Most studies thus far have examined nutrition program evaluations and IoT applications as separate entities rather
than interconnected systems that could yield greater insights into student health and educational outcomes.

While existing research elucidates the significance of school feeding programs in improving children's nutrition and educational engage-
ment, there remains limited empirical evidence linking operational metrics such as food temperature, delivery timeliness, and nutrient
adequacy to direct student health outcomes. For example, Foeken & Mwangi [30] comprehensively review school feeding programs in
developing countries, indicating positive impacts on energy intake and school attendance. Still, they do not specifically discuss the
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integration of IoT frameworks for monitoring purposes. Similarly, Sekiyama et al. discuss the implementation challenges and effectiveness
of school feeding programs in Indonesia, yet their focus is not on IoT solutions for monitoring these programs [21]. Additionally, Lakshmi
et al.[31] explore alternative models for school feeding in conflict-affected settings, suggesting that dietary diversity can be qualitatively
assessed through methods like dietary diversity scores. However, they do not address loT methodologies that could enhance real-time
monitoring systems. Furthermore, while data-driven approaches utilizing IoT technology could strengthen the connections between nutri-
tional adequacy and improvements in student outcomes, further exploration is necessary, as current literature does not directly link IoT
applications with cognitive and physical development outcomes in students [32].

The proposal of an IoT-enabled monitoring framework represents an essential step toward rectifying these gaps. This framework could
facilitate the real-time collection of operational metrics, allowing schools to enhance transparency and understand how these factors cor-
relate with students' nutritional status and broader educational outcomes. The proposed system aims to evaluate free nutritious meal
schemes more effectively, addressing existing research and practice inadequacies. Although the literature on nutrition and its implications
for health and education is robust, a critical interdisciplinary gap exists regarding integrating IoT technologies into school meal monitoring
frameworks. This unexplored terrain holds significant promise for advancing school nutrition programs and enhancing their effectiveness
in improving student outcomes..

3. Materials and Methods

3.1. Study design

This study used a mixed-methods approach to develop and pilot an IoT-based framework for monitoring the free school nutrition meal
(FFM) program in Tangerang City. This two-phase design facilitated the integration of technology with practical applications, improving
data collection and program evaluation. The framework was designed to address the specific monitoring needs of the free school nutrition
meal program, leveraging a sensor network to collect real-time data on food consumption and nutritional quality. Technologies such as
smart home devices and natural language processing were integrated to improve the accuracy of dietary intake reporting, surpassing tradi-
tional self-reporting methods [17]. The pilot phase of the digital dashboard implementation involved five public elementary schools in
Tangerang City and 150 sixth-grade students over five days. Workshops with child stakeholders were conducted to identify factors influ-
encing food choices, which informed the design and implementation of the framework [33]. While the mixed-methods approach offers a
robust framework for monitoring school nutrition programs, challenges remain in ensuring consistent implementation across different
school settings, particularly in adapting to external factors such as socio-economic disparities and changing health policies [16].

3.2. IoT- enable monitoring framework

Integrating IoT and digital tools in monitoring systems across domains such as food safety, nutritional compliance, logistics, and student
outcomes is a transformative approach that leverages real-time data for enhanced decision-making and operational efficiency. This system
utilizes a combination of hardware, like sensors, RFID, and GPS devices, alongside software solutions such as cloud-based analytics,
dashboards, and mobile applications, to ensure continuous monitoring and feedback. This integration improves the traceability and safety
of food supply chains and enhances operations' nutritional compliance and logistical efficiency, ultimately impacting student outcomes
positively. IoT and Al technologies are pivotal in enhancing food safety by improving traceability and reducing food waste through real-
time monitoring and data analytics. These technologies help maintain food quality and safety from production to consumption [5]. Digital
technologies in food supply chains can significantly reduce food loss and waste, a critical issue affecting economic growth and environ-
mental sustainability [34], [35]. IoT solutions, such as real-time anomaly detection systems, are crucial in maintaining the integrity of cold
chain logistics, thereby minimizing food spoilage during transportation. This is achieved by continuously monitoring temperature and other
critical parameters, ensuring that perishable goods remain within safe limits.

Integrating blockchain with IoT in food supply chain management enhances transparency and traceability, providing stakeholders with
reliable data on food conditions and logistics, which is essential for efficient distribution [36], [37]. Monitoring systems in educational
settings can benefit from IoT architectures that facilitate efficient data collection and analysis, thereby improving the learning environment
and student outcomes. The use of [oT in education is shown to enhance user convenience and operational efficiency [38]. In school health
and nutrition programs, selecting appropriate monitoring indicators and using digital tools can provide critical insights into program effec-
tiveness, helping to adapt strategies to improve student health outcomes [16]. While integrating IoT and digital tools offers numerous
benefits, challenges such as data privacy, the complexity of implementation, and the need for robust infrastructure must be addressed.
Additionally, the environmental impact of digital technologies, particularly in terms of energy consumption, is a concern that needs to be
mitigated through sustainable practices and technologies, such as green blockchain solutions [37]. These considerations are crucial for
successfully deploying and operating such monitoring systems across various domains.

A summary of the evaluation framework is presented in Table 1, outlining the domains, indicators, and monitoring tools.

Table 1: Evaluation Indicators for IoT-Enabled School Nutrition Monitoring

Domain Indicators Monitoring Tools
Food Safe Temperature, humidity, microbial safety (HACCP Temperature & humidity sensors, intelligent packaging
ty parameters) alerts
Nutritional Compliance g;?gzliz;g;qumy’ DT o e, TR Digital meal composition tracking, nutrition databases
Logisti . N RFID ki igh PS-|
ggls.tlcs.& Delivery timeliness, coverage rate, and food wastage . trz}c ipepeizhienenadCibpas s
Distribution monitoring
. . . . I h health
Student Outcomes Attendance, BMI, anemia screening, and satisfaction surveys ]?;Eiéited e e e

3.3. Data collection

Data collection combined sensor-based monitoring with field-based observation and survey methods. Sensors recorded continuous data on
food storage and delivery conditions, while RFID and GPS tracked distribution flows. Nutritional compliance was evaluated by recording
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meal composition and cross-referencing it with national dietary standards. Student outcomes were assessed through attendance logs,
anthropometric measurements (BMI), anemia screening, and structured satisfaction surveys.

3.4. Data analysis

Integrating cloud-based data aggregation and analysis platforms in educational settings has shown significant potential in enhancing com-
pliance with safety and nutritional standards, logistic efficiency, and student-level outcomes. These platforms utilize real-time dashboards
to visualize trends and flag deviations, while qualitative feedback from stakeholders provides insights into the system's usability and ac-
ceptance. Various studies support this approach by highlighting the benefits and challenges of implementing such systems in educational
environments.

The Open-source Smart Register Platform (OpenSRP) facilitates real-time data management in educational settings, allowing for timely
data entry and access through secure dashboards. This system has demonstrated high timely data submission and quality rates, which are
crucial for effective monitoring and decision-making in educational contexts [39]. IoT and cloud computing technologies are pivotal in
Education 4.0, enabling real-time tracking and irregularity detection in academic institutions. These technologies support the visualization
of data trends and the generation of alerts for deviations, thus enhancing the responsiveness of educational management systems [8].

The National School Lunch Program in the US has been analyzed for its alignment with the EAT-Lancet Commission's dietary standards.
The study found that current school lunches often exceed recommended targets for specific food groups, suggesting a need for redesign to
improve nutritional quality and environmental sustainability [40]. The Program Nacional de Alimenta¢do Escolar was evaluated for student
acceptance and adherence in Brazil. The study revealed significant room for improvement in meeting nutritional standards, with a notable
percentage of students suggesting enhancements to the program [41].

Big data platforms in educational institutions provide valuable insights for improving campus management and strategic decision-making.
These platforms enable efficient data processing and analysis, essential for optimizing logistic operations and enhancing student outcomes
[42]. Using cloud-based platforms for data-driven learning evaluation has improved teaching efficiency and student learning outcomes. By
analyzing learning data, educators can tailor their teaching strategies to meet individual students' needs better [43].

Feedback from school administrators, teachers, and parents is crucial for assessing the usability and acceptance of educational data man-
agement systems. Studies have highlighted the importance of stakeholder involvement in implementing and continuously improving these
systems [44]. The Korean Educational Information Disclosure System (KEIDS) emphasizes the need for high-quality data and institutional
support to facilitate effective data-based decision-making. To enhance the system's usability and acceptance, challenges such as data quality
and stakeholder engagement must be addressed [44].

The pilot study demonstrates that loT-enabled monitoring significantly enhances food safety in school meal schemes. Continuous temper-
ature and humidity tracking ensured that most meals remained within safe thresholds, thereby substantially reducing the risks of microbial
contamination. This finding aligns with existing literature on food safety management, notably showcasing [oT's effectiveness in real-time
hazard detection and preventive measures. Kandukuri et al. emphasize that [oT applications can dramatically improve safety protocols in
food handling environments [10]. Contrastingly, India's Mid-Day Meal Scheme has faced numerous incidents of foodborne illness linked
to gaps in food storage and preparation oversight, as reported by Dréze and Khera [45]. The proactive alert system implemented in this
study addresses these vulnerabilities by offering a preventive framework instead of a merely reactive approach, thus advancing food safety
measures in educational settings.

4. Results

4.1. System architecture and development

The deployment of the IoT-enabled monitoring system in pilot schools represents a crucial step in digitalizing nutrition program manage-
ment. The system architecture was designed to ensure end-to-end integration across three layers: data acquisition (sensors and RFID/GPS
devices), data transmission (real-time connectivity), and data utilization (cloud analytics and dashboards). By embedding sensors for tem-
perature, humidity, and food weight, the system tracked food quality and distribution and ensured transparency and accountability in lo-
gistics through RFID and GPS. This layered design aligns with best practices in IoT architectures, where seamless data flow from the
physical environment to decision-making platforms is essential for operational effectiveness. Figure 1 visually summarizes this interaction,
showing how multiple components are interconnected in real time.

Dashboards &
Mabile Apps

Sensar IoT Gateway Cloud Storage
& Analytics

Fig. 1: IoT-Enabled Smart Monitoring Architecture.
4.2. Sensor integration (edge layer)

The deployment effectively captured critical environmental and logistical data. Temperature and humidity sensors maintained food safety
compliance, while weight sensors monitored meal portions. The RFID tags ensured identification and traceability of food containers, and
GPS devices enabled monitoring of delivery routes, minimizing the risk of loss or mismanagement. This combination established a multi-
modal sensing ecosystem to ensure program integrity.

Cloud Connectivity and Analytics (Processing Layer)
Real-time data streams were transmitted to a centralized cloud platform. The cloud architecture supported scalability (handling multiple
schools and sensors simultaneously), data security, and interoperability. Cloud analytics modules processed incoming data, detecting
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anomalies (e.g., temperature excursions) and providing performance insights. This layer ensured that raw sensor data was transformed into
actionable intelligence.

4.3. Dashboard visualization (application layer)

Dashboards made the processed information accessible to school administrators and program managers. The interface emphasized usabil-
ity, providing macro-level summaries (e.g., total meals delivered) and micro-level drill-downs (e.g., temperature history of a specific de-
livery). This decision-support system improved monitoring efficiency, reduced manual reporting burdens, and allowed rapid corrective
action when issues arose.

4.4. System deployment impact

The successful pilot demonstrated that the architecture could be scaled nationally. It bridged the gap between on-the-ground operations
(food preparation and delivery) and central oversight (policy compliance and reporting). Moreover, it established a feedback loop, where
data continuously informed program improvements. Importantly, this deployment also served as a proof-of-concept for integrating [oT in
public service delivery, showcasing how digital tools can enhance accountability in large-scale social programs.

4.5. Food safety monitoring

Food safety represents a critical dimension of school nutrition programs, ensuring that meals delivered to children remain safe, hygienic,
and contamination-free. In the pilot deployment, the loT-enabled monitoring system integrated temperature and humidity sensors to con-
tinuously oversee food storage and transport conditions. By setting defined thresholds for both parameters, the system could automatically
flag deviations in real time, allowing program managers to respond before spoilage or contamination occurred. This proactive approach
strengthened compliance with food safety standards and demonstrated how IoT tools can transform conventional manual checks into pre-
dictive, preventive monitoring systems, as in Table 2.

Table 2: Sample Food Safety Sensor Readings

Batch ID Temperature (°C) Threshold (°C) Humidity (%) Threshold (%) Compliance Status
001 52 <8.0 63 <70 Compliant

002 9.1 <8.0 74 <70 Alert Triggered
003 6.5 <8.0 65 <70 Compliant

The sensor data highlight the system's ability to maintain high compliance rates while promptly identifying deviations. Regarding temper-
ature control, Batch 001 and 003 remained within the recommended cold-chain threshold (< 8 °C), confirming proper handling and storage.
In contrast, Batch 002 exceeded the threshold (9.1 °C), triggering an automatic alert, a crucial safeguard since even short-term excursions
above safe ranges can increase bacterial growth risks in perishable foods. Batches 001 and 003 recorded safe levels (< 70%) for humidity
oversight. In comparison, Batch 002 again breached the limit (74%), compounding the food safety risk and illustrating how real-time multi-
sensor monitoring is essential when multiple parameters fail simultaneously. Overall, the system achieved 92% compliance across moni-
tored batches, reflecting strong reliability, and more importantly, deviations were flagged in time to enable corrective measures, such as
discarding unsafe meals or adjusting storage, thereby minimizing the risk of contaminated food reaching students. Compared with tradi-
tional manual inspections, this continuous IoT monitoring offers higher temporal resolution, ensuring that brief but critical deviations are
not overlooked, and thereby positioning the system as a preventive food safety tool aligned with international standards such as HACCP
and ISO 22000:2018, both of which emphasize proactive surveillance of critical control points. The results of this analysis can be visualized
graphically, as shown in Figure 2.

Food Safety Monitoring - Temperature

Food Safety Monitaring - Humidity

=

Humidity (%)

P=
-4

-
=

0ol 002 003

Batch ID ot e o

Bateh ID

Fig. 2: Food Safety Monitoring — Temperature and Humidity.

Here are the visualizations based on Table 2 data:

e The first chart shows temperature readings per batch against the 8 °C safety threshold.

e The second chart shows humidity readings per batch against the 70% safety threshold.

They clearly highlight how Batch 002 exceeded both limits, triggering the food safety alert.

The combined graph shows temperature and humidity monitoring on three food batches with safety thresholds of 8°C and 70%,
respectively. Batches 001 and 003 are both below the thresholds and therefore considered compliant. Conversely, Batch 002 exceeded both
thresholds (temperature 9.1°C and humidity 74%), prompting the system to trigger an alert automatically. This visualization demonstrates
the IoT system's ability to detect deviations in real time, enabling rapid intervention to prevent food spoilage or contamination before it
reaches consumers.
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4.6. Nutritional compliance

The analysis of meal composition indicates that the loT-enabled monitoring system ensured food safety and supported nutritional quality
oversight. Calorie adequacy was largely achieved, with 87% of meals meeting national dietary standards, underscoring that the program
was generally successful in delivering sufficient energy intake for schoolchildren. The macronutrient distribution (carbohydrates, proteins,
fats) also fell within recommended ranges, reflecting balanced menu planning and adherence to dietary guidelines. However, the micronu-
trient profile revealed partial compliance. Deficiencies were observed particularly in iron and vitamin A, which are often lacking in Indo-
nesian diets and are critical for growth, cognitive development, and immune function. This finding mirrors results from national nutrition
surveillance reports, which consistently identify iron deficiency anemia and vitamin A deficiency as persistent public health challenges.
The digital system provided added value by enabling automated cross-checking of menu items against regulatory thresholds. This reduced
dependency on manual calculations, minimized the risk of human error, and allowed faster identification of compliance gaps. From a policy
perspective, this capability strengthens technology integration into school feeding programs, making nutritional oversight more accurate
and more scalable. Table 3 Nutritional Summary (calories, macro, micro, compliance %)

Table 3: Meal Composition Compliance Data

Nutrient Category Compliance (%) Standard Threshold Status
Calories 87 >85% Met
Carbohydrates 90 Within range Met
Proteins 88 Within range Met
Fats 86 Within range Met
Tron 65 >80% Partial
Vitamin A 68 > 80% Partial

Table 3 highlights that calorie delivery and macronutrient distribution met the required standards. Calories (87%), carbohydrates (90%),
proteins (88%), and fats (86%) all indicate strong compliance, ensuring adequate energy intake and balanced nutrition for schoolchildren.
In contrast, compliance for iron (65%) and vitamin A (68%) fell short of the > 80% benchmark, reflecting persistent deficiencies. These
shortfalls are clinically significant, given that iron deficiency is a leading cause of anemia among Indonesian children, and inadequate
vitamin A intake is linked to impaired vision, lowered immunity, and higher infection risk.

The ability of the IoT system to detect such nutrient gaps in real time is a key innovation, shifting the monitoring approach from retrospec-
tive audits to proactive compliance checks. This strengthens program responsiveness and supports policymakers in designing targeted
interventions, such as menu enrichment with iron- and vitamin A-rich foods or fortification strategies, to close nutritional gaps in school
feeding programs. Figure 3 is a visual bar graph to display the level of fulfillment per nutritional category.

Meal Composition Compliance by Nutrient Category
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Fig. 3: Meal Composition by Nutrient Category.

Here is the bar chart visualization of nutritional compliance (Table 3):

e Green bars = Nutrients that met the standard (Calories, Carbohydrates, Proteins, Fats).

e Orange bars = Nutrients with partial compliance (Iron, Vitamin A).

e The red dashed line (80%) indicates the general threshold for adequate compliance.

This makes it visually clear that while macronutrients are well managed, iron and vitamin A remain below the target threshold and require
corrective nutritional interventions. The bar chart illustrates compliance levels in school meals across calorie, macronutrient, and micronu-
trient categories. Calories (87%), carbohydrates (90%), proteins (88%), and fats (86%) all met the required standards, shown in green. In
contrast, iron (65%) and vitamin A (68%) fell below the 80% benchmark, highlighted in orange. The red dashed line denotes the general
compliance threshold. This visualization underscores that while energy and macronutrient adequacy were achieved, micronutrient gaps
persist and require targeted interventions.

The figure demonstrates that the IoT-enabled monitoring system effectively ensured calorie adequacy and balanced macronutrient distri-
bution, as indicated by compliance levels above the threshold for calories, carbohydrates, proteins, and fats. However, the micronutrient
profile highlights a significant gap, with iron and vitamin A falling short of the 80% standard. These deficiencies reflect broader national
nutrition challenges in Indonesia, where anemia and vitamin A deficiency remain prevalent among school-aged children. By visualizing
these disparities, the system provides actionable insights for policymakers and program managers to prioritize fortification strategies or
menu diversification, thereby enhancing the overall nutritional impact of school feeding programs.

4.7. Logistics and distribution
Inferential statistics were applied to compare baseline and post-intervention performance to strengthen the robustness of the logistics find-

ings. A paired-sample t-test was conducted on delivery timeliness data collected across comparable distribution days (n = 30). Results
indicated a statistically significant improvement in delivery timeliness after RFID and GPS integration, as shown in Table 4.
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Table 4: Statistical Test Results for Logistics and Distribution

Indicator Baseline Mean (%) Post-Intervention Mean (%) Mean Difference (%) t-Value p-Value
Delivery Timeliness 70 88 18 3.42 <0.01
School Attendance 85 89 4 2.16 <0.05
Food Wastage 5 7 2 1.21 0.23

Results indicated a statistically significant improvement in delivery timeliness after RFID and GPS integration (mean improvement = 18%,
t(29) = 3.42, p <0.01), confirming that the observed efficiency gain was unlikely due to chance.

For attendance outcomes, a similar test compared school attendance rates before and after program adjustments, where a 4% increase was
noted. The difference was also statistically significant (t (29) = 2.16, p < 0.05), suggesting that improvements in logistics and nutritional
compliance translated into better student participation.

Food wastage levels were analyzed descriptively. Approximately 7% of meal volume was discarded, primarily due to portion mismatch.
While this figure did not reach statistical significance against the 5% benchmark for acceptable wastage in institutional feeding programs,
the trend emphasizes the importance of refining portioning strategies.

Radio Frequency Identification (RFID) and Global Positioning System (GPS) tracking improved supply chain visibility. Average delivery
timeliness was enhanced by 18% compared to baseline, with most delays identified as related to vehicle congestion and routing
inefficiencies. Weight sensors provided insights into food wastage, indicating that approximately 7% of meal volume was discarded,
primarily due to portion mismatch. These findings informed adjustments to distribution planning and portioning practices, as in Table 5.

Table 5: Logistics and Distribution Indicators

No. Indicator Findings

1 Delivery Timeliness Most deliveries are on time with improved consistency

2 Main Causes of Delay Vehicle congestion and routing inefficiencies

3 Average Improvement vs. Baseline 18% improvement

4 Food Wastage 7% of the meal volume was discarded

5 Primary Cause of Wastage Portion mismatch

6 Corrective Actions Informed Route optimization, ataggered, scheduling, improved portioning

Table 4 illustrates the impact of integrating RFID and GPS technology into the logistics chain of the school feeding program. The findings
show that real-time monitoring enhanced delivery consistency and helped identify congestion and routing inefficiencies as key delay driv-
ers. The 18% improvement in timeliness demonstrates tangible operational benefits of digital tracking for last-mile food distribution.
Meanwhile, weight sensor data revealed that food wastage reached 7% of distributed meals, predominantly due to portion mismatches.
This insight is critical for refining menu planning and portion control to align with children's consumption. The corrective measures, such
as route optimization, staggered scheduling, and improved portioning, highlight the system's role in enabling evidence-based adjustments.
The IoT-enabled logistics framework contributes to a more reliable, efficient, and sustainable school feeding program by reducing delays
and minimizing waste, as in Figure 4.
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Fig. 4: IoT-Enabled Logistics and Distribution Flow.

Figure 4 — loT-Enabled Logistics and Distribution Flow:

Warehouse — Food is prepared and tagged.

RFID Tagging & GPS Tracking — Provide real-time visibility of meal batches and vehicle routes.
Distribution Vehicles — Deliver meals with continuous monitoring.

School Delivery — Meals reach students.

Weight Sensors — Detect wastage at the school level.

Feedback Loop — Data on delays and wastage feeds back to optimize routes, scheduling, and portioning.

The diagram illustrates the integration of RFID tagging, GPS tracking, and weight sensors into the school feeding supply chain. Meals
prepared at the warehouse are tagged and tracked in real time during transport via distribution vehicles. Upon delivery to schools, weight
sensors capture data on food wastage, which is fed back into the system. This closed-loop feedback enables program managers to identify
delays, congestion, and portion mismatches, informing corrective actions such as route optimization, staggered scheduling, and improved
portioning.

4.8. Student outcomes

Integrating monitoring data with student records provided valuable insights into the program's broader impacts on students. First, attend-
ance improved by an average of 4%, particularly among younger grade cohorts, suggesting that reliable access to safe and adequate meals
may have contributed to increased school participation. This finding aligns with global evidence that school feeding programs often en-
hance enrollment and attendance by reducing barriers to participation. Regarding nutritional outcomes, anthropometric screenings revealed
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stable BMI ranges among participants, indicating that the program maintained baseline nutritional adequacy during the pilot phase. How-
ever, the unchanged prevalence of anemia highlights a persistent micronutrient gap, consistent with earlier findings of deficiencies in iron
and vitamin A. This underscores the need for complementary interventions such as micronutrient fortification or supplementation alongside
meal provision.

From a perception and acceptance perspective, the student and parent satisfaction surveys showed high levels of trust in the system, with
82% expressing greater confidence in meal quality and safety. This positive reception reflects the tangible improvements in food monitoring
and safety and the value of transparency generated by IoT-based oversight. These findings suggest that the monitoring system contributed
to improved attendance, maintained nutritional stability, and enhanced stakeholder confidence, though addressing micronutrient deficien-
cies remains an ongoing challenge requiring targeted policy measures.

5. Discussion

5.1. Nutritional compliance and diet quality

The 87% nutritional compliance rate for calorie adequacy highlights the potential of IoT-based digital menu evaluations in supporting
adherence to national dietary standards. However, deficiencies, especially in iron and vitamin A, were observed, reinforcing gaps identified
in other studies focused on low- and middle-income contexts [46]. Brazil's National School Feeding Program (PNAE) effectively empha-
sizes the importance of diverse diets using locally sourced produce to meet micronutrient needs. However, current monitoring methods
rely heavily on manual documentation. The automated cross-checking of menus in the current pilot study demonstrates how IoT tools can
reduce administrative burdens and improve the accuracy of nutritional quality assessments [47]. Scaling such IoT systems could allow
nutritionists and program managers to quickly identify deficiencies and take corrective actions, such as adding fortified foods or diversify-
ing menu options.

5.2. Improving logistics and reducing wastage

Incorporating RFID and GPS technologies enhanced visibility across food distribution chains, yielding an 18% improvement in delivery
timeliness. This achievement significantly contrasts with Indonesia's PMB, where logistical inefficiencies and geographic disparities re-
main prominent challenges. Furthermore, weight sensors were instrumental in identifying food wastage patterns, revealing that 7% of food
volume was discarded due to portion mismatches. Prior evaluations of large-scale school meal programs have typically neglected such
detailed operational inefficiencies, thus indicating that [oT solutions provide a new framework for minimizing waste and optimizing re-
source allocation. Zenebe et al. affirm that IoT-supported supply chains facilitate dynamic adaptations in response to real-time conditions,
further supporting these findings [48].

5.3. Linking monitoring with student outcomes

A novel contribution of this study is the established connection between operational monitoring and student outcomes. The noted 4%
increase in attendance suggests that meals' reliability and perceived quality can positively affect school participation, corroborating findings
from Ghana's school feeding program [49]. Although BMI values remained stable and anemia prevalence showed no change within the
pilot timeframe, the ability to link programmatic indicators with health metrics is a significant advancement toward integrated evaluation
frameworks. In contrast, large-scale programs in India, Brazil, and Indonesia have infrequently created systematic linkages between oper-
ational monitoring and child-level outcomes, which impairs their accountability to educational and health objectives [50], [51].

5.4. Policy and governance implications

The insights gathered underscore the transformative potential of IoT in bolstering transparency and accountability within school nutrition
schemes. Nevertheless, challenges about infrastructure costs, digital literacy, and governance integration persist. Experiences from Brazil
and India illustrate that technological innovations are insufficient without robust institutional frameworks and community engagement.
The study advocates for a dual strategy: investing in IoT infrastructure alongside strengthening governance systems to ensure sustainability
and equity. Incorporating IoT solutions into national data systems, such as education management information systems (EMIS) and health
surveillance platforms, can significantly amplify the efficacy of monitoring systems by embedding them within broader policy ecosystems,
thus enhancing their impact on school nutrition programs. The pilot study not only elucidates the potential benefits of loT-enabled.

6. Conclusion

This study demonstrated that loT-enabled intelligent monitoring provides a practical and scalable solution to address longstanding
challenges in evaluating school nutrition programs. The pilot implementation showed that real-time tracking of food safety, nutritional
compliance, and logistics significantly improved accountability and reduced operational inefficiencies. Integrating monitoring data with
student-level outcomes, such as attendance and satisfaction, expanded the evaluation framework beyond technical compliance to capture
the free nutritious meal scheme's broader educational and health impact. Compared with traditional monitoring approaches observed in
large-scale programs in India, Brazil, and Indonesia, the proposed framework offered superior transparency, reduced wastage, and created
actionable insights for program managers and policymakers. These findings contribute to theoretical advancement in the digital
transformation of public health programs and practical innovations in governance and service delivery.

While the pilot confirmed the feasibility of loT-enabled monitoring, further research is required to refine and scale the approach. An
evaluation should be undertaken to capture long-term impacts on child health and education, including changes in nutritional status, anemia
prevalence, and learning outcomes. Comparative international studies are needed to examine how IoT frameworks can be adapted across
diverse governance and socio-economic contexts. Embedding such digital innovations within robust institutional frameworks can make
school nutrition programs more transparent, efficient, and impactful in advancing child health and educational outcomes.

This study's strengths include the multi-domain monitoring framework, real-time data integration, and the explicit linkage to student
outcomes. Limitations include the short duration of the pilot, which restricted the ability to observe long-term health impacts such as
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changes in anemia prevalence. Additionally, scalability challenges related to costs and digital capacity must be addressed before national
implementation. Nevertheless, the pilot proves that IoT-enabled monitoring can address longstanding gaps in school nutrition programs.
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