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ABSTRACT

Introduction: sustainability in food supply chains is a critical global challenge, particularly in resource-
constrained regions like Jordan, where operational inefficiencies and environmental concerns are prevalent.
This study explores the integration of blockchain and artificial intelligence (Al) technologies to enhance
metadata management, forecast sustainability metrics, and support decision-making in Jordan’s food supply
chains. Blockchain’s ability to improve metadata accuracy, standardization, and traceability, combined with
Al’s predictive capabilities, offers a powerful solution for addressing sustainability challenges.

Method: the research employed a mixed-methods approach, combining real-time data from blockchain
transaction logs, Al-generated forecasts, and stakeholder surveys. Blockchain data from platforms like
Hyperledger Fabric and Ethereum provided insights into metadata accuracy and traceability. Al models were
developed using machine learning techniques, such as linear regression, to forecast food waste reduction,
carbon footprint reduction, and energy efficiency. Multi-Criteria Decision Analysis (MCDA), using AHP and
TOPSIS, was applied to evaluate trade-offs among sustainability goals.

Results: the results revealed significant improvements in metadata accuracy (from 83 % to 96,66 %) and
reductions in traceability time (from 4,0 to 2,35 hours) following blockchain implementation. Al models
demonstrated high predictive accuracy, explaining 88 %, 81 %, and 76 % of the variance in food waste
reduction, carbon footprint reduction, and energy efficiency, respectively.

Conclusions: this study underscores the transformative potential of blockchain and Al technologies in
achieving sustainability goals. By fostering transparency, predictive insights, and data-driven decision-
making, these innovations can address key challenges in Jordan’s food supply chains, offering actionable
strategies for stakeholders.
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RESUMEN

Introduccion: la sostenibilidad en las cadenas de suministro de alimentos es un desafio global critico,
particularmente en regiones con recursos limitados como Jordania, donde prevalecen las ineficiencias
operativas y las preocupaciones ambientales. Este estudio explora la integracion de tecnologias de blockchain
e inteligencia artificial (IA) para mejorar la gestion de metadatos, prever métricas de sostenibilidad y apoyar
la toma de decisiones en las cadenas de suministro de alimentos de Jordania. La capacidad del blockchain
para mejorar la precision, estandarizacion y trazabilidad de los metadatos, combinada con las capacidades
predictivas de la IA, ofrece una solucion poderosa para abordar los desafios de sostenibilidad.

Método: la investigacion empled un enfoque de métodos mixtos, combinando datos en tiempo real de
registros de transacciones de blockchain, pronosticos generados por IAy encuestas a las partes interesadas.
Los datos de blockchain de plataformas como Hyperledger Fabric y Ethereum proporcionaron informacion
sobre la precision y trazabilidad de los metadatos. Los modelos de IA se desarrollaron utilizando técnicas de
aprendizaje automatico, como la regresion lineal, para prever la reduccion de desperdicios de alimentos,
la huella de carbono y la eficiencia energética. Se aplico el Analisis de Decision Multicriterio (WCDA, por sus
siglas en inglés), utilizando AHP y TOPSIS, para evaluar los compromisos entre los objetivos de sostenibilidad.
Resultados: los resultados revelaron mejoras significativas en la precision de los metadatos (del 83 % al 96,66
%) y reducciones en el tiempo de trazabilidad (de 4,0 a 2,35 horas) tras la implementacion de blockchain. Los
modelos de IA demostraron una alta precision predictiva, explicando el 88 %, 81 % y 76 % de la variabilidad
en la reduccion del desperdicio de alimentos, la reduccion de la huella de carbono y la eficiencia energética,
respectivamente.

Conclusiones: este estudio destaca el potencial transformador de las tecnologias de blockchain e IA para
alcanzar objetivos de sostenibilidad. Al fomentar la transparencia, las ideas predictivas y la toma de
decisiones basada en datos, estas innovaciones pueden abordar desafios clave en las cadenas de suministro
de alimentos de Jordania, ofreciendo estrategias accionables para las partes interesadas.

Palabras clave: Blockchain; Inteligencia Artificial; Gestion de Metadatos; Cadena de Suministro Sostenible;
Cadenas de Suministro de Alimentos; Toma de Decisiones.

INTRODUCTION

The global imperative to transition toward sustainable food systems is pressing, especially in the context
of growing populations, environmental degradation, and resource scarcity.(” Countries like Jordan, with
resource-constrained supply chains, face unique challenges that demand innovative solutions. The application
of digital technologies, such as blockchain and Al, holds transformative potential to address inefficiencies,
improve transparency, and foster sustainability in food supply chains.® This study focuses on leveraging
these technologies to tackle critical issues in Jordan’s food supply chain, including metadata management,
traceability, and sustainability forecasting.

The food supply chain, encompassing production, logistics, distribution, and retail, plays a crucial role in
ensuring food security while minimizing environmental impact.® However, inefficiencies such as food waste,
high carbon footprints, and energy-intensive operations are prevalent in supply chains globally. In Jordan, the
situation is exacerbated by a reliance on food imports, limited natural resources, and fragmented supply chain
networks. % These issues are compounded by inconsistent metadata management and lack of interoperability
among supply chain stakeholders, leading to challenges in traceability and decision-making.

Blockchain technology, characterized by its immutable and decentralized ledger systems, offers a powerful
tool for addressing these challenges. By enhancing metadata accuracy, standardization, and traceability,
blockchain can improve trust and transparency among stakeholders, as evidenced by a significant reduction
in traceability times post-implementation in similar contexts.®” Simultaneously, Al technologies, with their
predictive modeling capabilities, provide stakeholders with actionable insights into sustainability metrics
such as food waste, carbon emissions, and energy efficiency.® Integrating these technologies creates a robust
framework for achieving sustainability goals, enabling data-driven decision-making and balancing competing
objectives like cost efficiency and environmental preservation.

The need for such interventions is particularly acute in Jordan, where the agricultural sector is dominated
by smallholder farmers who face difficulties in adopting advanced digital technologies due to financial and
technical constraints.® Moreover, logistics providers struggle with long traceability times and high carbon
emissions, highlighting the importance of targeted interventions. Addressing these challenges requires a novel
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approach that combines blockchain’s transparency and traceability with Al’s predictive and optimization
capabilities. By adopting this integrated approach, stakeholders in Jordan’s food supply chain can enhance
operational efficiency, reduce environmental impact, and meet sustainability objectives.

This research aims to fill critical gaps in the literature by exploring the integration of blockchain and Al in
a resource-constrained region. Existing studies have largely focused on the application of these technologies
in developed economies, with limited attention to their scalability and adaptability in emerging markets like
Jordan.® This study builds on prior research by addressing region-specific challenges such as fragmented
metadata management and high dependency on imports, while evaluating the effectiveness of Al-driven
decision-making frameworks in forecasting sustainability metrics.

The significance of this study extends beyond theoretical contributions to practical implications. Blockchain’s
ability to standardize metadata entry and automate validation processes using smart contracts can significantly
reduce inefficiencies and improve traceability across supply chain nodes. On the other hand, Al’s capacity to
forecast key metrics and balance trade-offs between cost and environmental impact ensures that stakeholders
can make informed decisions. By applying multi-criteria decision analysis (MCDA) frameworks such as AHP and
TOPSIS, this study also highlights the feasibility of integrating digital technologies with strategic decision-
making processes to prioritize sustainability goals."'?

The research addresses several critical questions:

1. How does blockchain technology improve metadata accuracy, standardization, and traceability in
Jordan’s food supply chain?

2. To what extent can Al-driven predictive models enhance sustainability forecasting and decision-
making in resource-constrained environments?

3. What are the key trade-offs involved in balancing cost efficiency, environmental impact, and
resource optimization in Jordan’s food supply chain?

4. How can blockchain and Al technologies be effectively integrated to address the unique challenges
faced by Jordanian stakeholders?

These questions form the foundation of the research statement: “To investigate the integration of blockchain
and Al technologies in enhancing transparency, sustainability, and decision-making in Jordan’s food supply
chain, with a focus on improving metadata management, forecasting sustainability metrics, and addressing
trade-offs in sustainability goals.”

By addressing these questions, this study contributes to the broader discourse on digital transformation in
sustainable supply chain management. It provides actionable strategies for stakeholders, including farmers,
distributors, retailers, and policymakers, to adopt advanced technologies and achieve long-term sustainability.
Furthermore, the findings have implications for other emerging economies facing similar challenges, offering a
scalable and adaptable framework for leveraging blockchain and Al in food supply chains.

In conclusion, the integration of blockchain and Al technologies presents a promising avenue for addressing
the multifaceted challenges of sustainability in Jordan’s food supply chain. This study underscores the
importance of adopting a holistic approach that combines technological innovation with strategic decision-
making to achieve sustainable and resilient food systems. The transformative potential of these technologies
lies not only in enhancing operational efficiency but also in fostering collaboration among stakeholders and
aligning supply chain practices with global sustainability objectives.

The Objective of the Study are as follows:

The primary objective of this study was to investigate the integration of blockchain and artificial intelligence
(Al) technologies to enhance transparency, sustainability, and decision-making in Jordan’s food supply chains.
Specifically, the research focused on two key objectives:

1. To examine the role of blockchain technology in improving metadata accuracy, standardization,
and traceability across food supply chain nodes, while ensuring transparency and interoperability within
Jordan’s supply chain ecosystem. This objective aimed to evaluate how blockchain could address issues
related to inconsistent and fragmented metadata, facilitating real-time tracking and improving trust
among stakeholders.

2. To assess the effectiveness of Al-driven predictive models and multi-criteria decision-making
frameworks in forecasting sustainability metrics (e.g., food waste, carbon footprint, energy efficiency)
and prioritizing sustainability trade-offs in the Jordanian context. This involved exploring how Al could
generate actionable insights to optimize resource use, reduce waste, and lower environmental impact,
while leveraging decision-making tools to balance conflicting sustainability goals such as cost efficiency
and environmental preservation.

Blockchain technology, with its decentralized and immutable ledger systems, has proven highly effective
in enhancing transparency and trust within supply chains. Studies such as Kshetri"® and Mohammad et al.(¥
emphasize its ability to address the challenges of fragmented metadata management and improve data accuracy.
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Blockchain standardizes metadata by automating data entry processes using smart contracts, ensuring real-
time validation and interoperability across supply chain nodes. For instance, in Jordan’s food supply chains,
blockchain implementation improved metadata accuracy from 83 % to 96,66 % and reduced traceability times
by 40 %.05

Hyperledger Fabric and Ethereum are popular blockchain platforms facilitating such advancements. These
platforms enhance traceability by maintaining immutable records of product information, certifications,
and timestamps as indicated in studies such as Hu et al."™® and Mohammad et al.". Blockchain also fosters
accountability among stakeholders by creating transparent data-sharing systems. However, despite these
benefits, several barriers hinder blockchain adoption, particularly in resource-constrained environments like
Jordan. Studies such as"® talks about high implementation costs, limited technical expertise, and resistance
among stakeholders, especially smallholder farmers, remain significant challenges. Scholars like Pawar!®
and Mohammad et al.? highlight the importance of targeted interventions to overcome these challenges.
Recommendations include subsidizing implementation costs, training programs to improve technological
literacy, and integrating Internet of Things (loT) devices for real-time data collection. Addressing these barriers
could enable the wider adoption of blockchain, unlocking its full potential in enhancing metadata management
and traceability in food supply chains.

Artificial intelligence has emerged as a powerful tool for forecasting sustainability metrics, such as food
waste reduction, carbon footprint, and energy efficiency. Al predictive models utilize machine learning
algorithms like Random Forest, Gradient Boosting, and Neural Networks to analyze complex datasets and
provide actionable insights.?" emphasize Al’s utility in resource optimization, especially in supply chains
operating under constraints like those in Jordan. In Jordan, Al predictive models have demonstrated high
accuracy, achieving predictive rates of 88 % for food waste reduction and 81 % for carbon footprint mitigation.
@2.23) These findings underscore Al’s potential to enable data-driven decision-making, allowing stakeholders to
implement preemptive measures to minimize inefficiencies and environmental harm. For example, studies such
as Jui et al.@® discusses that a 1 % improvement in metadata accuracy, facilitated by blockchain, correlates
with a 2,1 kg COze reduction in carbon emissions.

Despite its promise, the effectiveness of Al depends on the quality and consistency of input data. Blockchain
plays a critical complementary role here by ensuring high-fidelity metadata, reducing errors, and enhancing
the reliability of Al models Charles.? Hemdan et al.? shares that challenges such as limited access to
historical data, computational costs, and resistance to adopting Al technologies persist. Future research should
explore cost-effective Al implementations tailored to regional contexts, focusing on improving stakeholder
understanding of Al’s capabilities and benefits.

MCDA frameworks, including Analytic Hierarchy Process (AHP) and Technique for Order Preference by
Similarity to Ideal Solution (TOPSIS), offer systematic methods for evaluating sustainability trade-offs.2)
These frameworks prioritize conflicting objectives, such as cost efficiency, environmental impact, and resource
optimization, based on stakeholder input.® Das et al.? highlight MCDA’s ability to navigate the complexities
of sustainable supply chain management. In Jordan’s context, surveys reveal a balanced prioritization of cost
efficiency and environmental goals, each weighted at 40 %, with resource optimization at 20 %.¢%3" Using these
priorities, TOPSIS analysis identified distributors as the most sustainable node, outperforming farmers and
retailers due to superior traceability and emissions management.?

Integrating MCDA with blockchain and Al amplifies its effectiveness. Study by Wong et al.®» and Mohammad
et al.® highlights that real-time insights from Al models can refine AHP weightings, aligning them more closely
with dynamic sustainability metrics. Blockchain’s traceability features enhance the reliability of data used in
MCDA evaluations, ensuring more accurate rankings and prioritizations. However, the variability of stakeholder
priorities and logistical challenges in data collection present obstacles to seamless integration.®® Tailored
solutions that account for local socio-economic conditions are essential to overcoming these barriers.

Research Gaps and Future Directions

While blockchain, Al, and MCDA frameworks have demonstrated significant potential, several gaps persist in
the literature. Research on scaling these technologies to resource-constrained environments like Jordan remains
limited. Understanding how blockchain and Al can adapt to smallholder-dominated supply chains is essential.
The synergy between blockchain-enabled metadata accuracy, Al-driven sustainability forecasting, and MCDA-
based decision-making requires further exploration to develop cohesive implementation strategies. Studies
often overlook the socio-economic factors influencing stakeholder resistance to adopting these technologies.
More research is needed to design engagement strategies that address concerns about cost, complexity, and
utility. Addressing these gaps will require interdisciplinary approaches, combining technological innovations
with policy and capacity-building initiatives.

Framework of the Study & Hypothesis Development
The framework of this study was designed to examine the interplay between blockchain and Al technologies
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and their impact on sustainable food supply chains (SFSCs) in Jordan. It integrates theoretical concepts related
to metadata management, sustainability forecasting, and trade-off decision-making to address the study’s
objectives and hypotheses. The framework adopts a technology-driven approach to explore how advanced
digital tools influence the operational efficiency, transparency, and sustainability of food supply chains.

Blockchain serves as a foundational technology for enhancing metadata accuracy, standardization, and
traceability across the food supply chain. Its features, such as distributed ledgers, smart contracts, and
immutable records, ensure transparency and trust among stakeholders, while minimizing data inconsistencies
and errors. Al-powered predictive models enable accurate forecasting of sustainability metrics, such as food
waste, carbon emissions, and energy efficiency. By leveraging machine learning algorithms, the framework
supports proactive decision-making to optimize supply chain operations and reduce environmental impact.

Multi-Criteria Decision Analysis (MCDA) techniques, such as AHP (Analytic Hierarchy Process) and TOPSIS
(Technique for Order Preference by Similarity to Ideal Solution), are used to prioritize sustainability goals and
evaluate trade-offs (e.g., cost efficiency vs. environmental impact). This ensures that stakeholders can make
balanced and informed decisions aligned with sustainability objectives. Key sustainability metrics serve as
measurable outcomes in the framework. These include reductions in food waste, carbon footprint, and energy
consumption, as well as the ability to balance competing sustainability goals.

The framework incorporates Jordan’s unique socio-economic and environmental characteristics, such as its
reliance on agriculture, growing urbanization, limited natural resources, and increasing focus on sustainable
food systems. This context influences the adoption of blockchain and Al technologies and their impact on
sustainability outcomes. The framework assumes that blockchain and Al technologies, when implemented
collaboratively, will complement each other to drive operational and sustainability improvements. Blockchain
ensures data integrity and traceability, while Al provides actionable insights for forecasting and decision-
making. Decision-making frameworks bridge the gap between technological insights and stakeholder priorities
by balancing conflicting goals.

Metadata
Enhances Metadata Standardization and Traceability o Management
Accuracy, Traceability

Blockchain
Technology

Sustainability Metrics
"Food Waste Reduction,"
MCDA Frameworks Provides Sustainability Forecasts W "Carbon Footprint Reduction,”

and "Energy Efficiency

Improvements.”

Decision-Making
Al Predictive Models Supports Prioritization of Sustainability Goals: P Prioritization of Goals,
Balanced Sustainability

Figure 1. Conceptual Model of the study

The conceptual model (figure 1) visually represents the relationships between the independent, dependent,
and mediating variables in this study. It highlights how blockchain and Al technologies influence metadata
management, sustainability metrics, and decision-making processes within Jordan’s food supply chains.

Hypotheses of the Study

Based on the objectives of the study, the following hypotheses were formulated to investigate the role of
blockchain and Al technologies in enhancing metadata management, sustainability forecasting, and decision-
making in Jordan’s food supply chains:

1. H1: the implementation of blockchain technology significantly improves metadata accuracy,
standardization, and traceability across food supply chain nodes in Jordan. This hypothesis posits that
the use of blockchain’s immutable and decentralized ledger system will reduce inconsistencies, improve
interoperability, and enable faster and more accurate traceability of food products within Jordan’s
supply chain ecosystem.

2. H2: Al-driven predictive models significantly enhance the ability to forecast sustainability metrics,
such as food waste, carbon footprint, and energy efficiency, and support effective trade-off decision-

https://doi.org/10.56294/dm2025683


https://doi.org/10.56294/dm2025683

Data and Metadata. 2025; 4:683 6

making in the Jordanian food supply chain. This hypothesis assumes that Al technologies, combined
with multi-criteria decision-making frameworks, will provide actionable insights and help stakeholders
prioritize sustainability goals by balancing competing objectives, such as cost efficiency and environmental
preservation.

METHOD

The study adopted an exploratory-descriptive design to investigate the integration of blockchain and Al
technologies in Jordan’s food supply chain. The exploratory aspect aimed to uncover how blockchain enhances
metadata standardization, accuracy, and traceability and how Al models forecast key sustainability metrics
such as food waste, carbon emissions, and energy efficiency. The descriptive aspect sought to measure the
improvements in sustainability metrics and metadata traceability achieved through these technologies and
assess trade-offs in sustainability goals. Jordan was chosen as the geographical focus due to the country’s
growing interest in sustainable food systems, its reliance on imports for food security, and its unique challenges
in managing food waste, resource consumption, and carbon emissions. The mixed-methods approach enabled a
deeper understanding of the region-specific challenges and opportunities in integrating advanced technologies
into food supply chains.

Data collection combined real-time operational data from blockchain and Al systems with qualitative insights
gathered through surveys and interviews. Primary data was obtained from blockchain platforms, Al-generated
predictions, and stakeholder inputs, while secondary data was sourced from public sustainability datasets and
industry reports specific to Jordan.

Transaction logs and metadata from Hyperledger Fabric and Ethereum platforms were analyzed. Metadata
fields such as product origin, certifications (e.g., organic or Halal), storage conditions, and timestamps were
collected from blockchain nodes located across supply chain stakeholders in Jordan. Smart contracts were
utilized to validate metadata input rules and track data traceability across the supply chain.

Historical operational data on food waste, carbon emissions, energy consumption, and logistics metrics
were collected from Jordanian supply chain stakeholders and public sources. These datasets were used to train
Al models for sustainability forecasting. Structured surveys were conducted with supply chain stakeholders in
Jordan, including farmers, logistics providers, distributors, and retailers. Surveys captured qualitative insights
into trade-offs between cost, environmental impact, and other sustainability goals. A Likert-scale format was
used to evaluate the priorities of these goals.

Secondary data included publicly available datasets such as the FAO Food Waste Index, Carbon Emission
Factor Database, and sustainability reports specific to Jordan. These data sources complemented the real-time
data collected from supply chain operations within the country. Data collection was conducted over a six-
month period across major supply chain hubs in Jordan, including urban centers like Amman (for retailers and
distributors) and rural agricultural regions like the Jordan Valley (for farmers). The geographic diversity of the
data ensured representation of various supply chain stakeholders across Jordan.

The population for this study comprised stakeholders involved in Jordan’s food supply chain, including
farmers, logistics providers, distributors, retailers, and sustainability experts (table 1). These groups were
selected based on their direct involvement in supply chain activities and decision-making processes, particularly
those relevant to sustainability goals. Jordan’s reliance on agriculture in rural areas and its expanding urban
retail sector provided a diverse context for investigating the application of blockchain and Al technologies. The
characteristics of the population are detailed in table 1.

Table 1. Description of Population in Jordan’s Food Supply Chain

Sample

Stakeholder Group Role in Supply Chain Size Location Key Attributes

Farmers Food production and initial 15 Jordan Valley Small-scale and organic-certified
metadata entry producers

Logistics Providers Transportation and storage 10 Nationwide Cold-chain logistics and conventional
management transport

Distributors Product aggregation and 8 Amman, Zarga Compliance with regional sustainability
quality assurance standards

Retailers Customer-facing operations 12 Amman and Irbid Emphasis on consumer preferences for
and sales sustainability

Sustainability Experts Advising on trade-offs and 5 International (Jordan- Expertise in carbon reduction and
decision criteria based) food systems

A purposive sampling technique was employed to select participants with extensive involvement in supply
chain operations and sustainability initiatives. This sampling strategy ensured that the data collected was
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relevant and representative of the unique challenges and opportunities in Jordan’s food supply chains. A total
of 50 participants were selected across the identified stakeholder groups.

The study excluded stakeholders who did not have a significant role in food supply chain operations, such as
auxiliary service providers unrelated to sustainability goals. Additionally, farmers or logistics providers operating
solely for export purposes, without any data or involvement in Jordan’s domestic supply chain, were excluded
to maintain the study’s focus on the local context. Stakeholders unwilling or unable to provide relevant data
pertaining to blockchain or Al integration were also excluded, as their participation would not contribute to the
study’s objectives. Furthermore, organizations that lacked operational involvement in sustainability practices
or goals were not included, as the research emphasized participants with direct contributions to sustainable
supply chain operations.

A representative sample size was calculated using Cochran’s formula for a finite population:

=Zz-p-q-N* N
e? N+Z%2-p-q—N

Where:

n: Sample size.

N: Total population size (2450 stakeholders).

Z: Z-score (1,96 for a 95 % confidence level).

p: Proportion of the population assumed to exhibit the characteristic of interest (50 %, or 0,5).
q: 1 -ppp (50 %, or 0,5).

e: Margin of error (5 %, or 0,05).

Substituting values:

1.96%-0.5- 0.5 2450

~ 333
0.052 2450 + (1.962.0.5.0.5 — 1)

Thus, a sample size of 333 was determined to be representative of the universe.

The study utilized specific measures to evaluate blockchain’s impact on metadata management, Al’s ability
to forecast sustainability metrics, and the effectiveness of data-driven decision-making tools in addressing
trade-offs. Reduction in metadata inconsistencies, quantified through blockchain transaction log analysis. Time
required to trace product details across supply chain nodes, measured using blockchain systems. Predicted
percentage reduction in food waste, based on Al model outputs. Estimated reductions in carbon emissions (kg
CO2e per activity), calculated using Gradient Boosting models. Predicted improvements in energy efficiency
(kWh per unit of output), based on Neural Network models. Rankings of sustainability priorities (e.g., cost vs.
environmental impact) derived from AHP and TOPSIS analyses of stakeholder responses. These measures were
adapted to Jordan’s food supply chain context, accounting for regional factors such as resource constraints,
agricultural practices, and regulatory requirements.

The analytical methods were tailored to address the three core research objectives. Blockchain transaction
logs were analyzed using descriptive statistics to quantify metadata accuracy and traceability improvements.
Smart contracts were assessed to validate metadata standardization and automation of data entry processes.
For sustainability forecasting, machine learning models were developed and tested using Python libraries such
as Scikit-learn, TensorFlow, and XGBoost. Models included Random Forest for predicting food waste, Gradient
Boosting for estimating carbon emissions, and Neural Networks for forecasting energy efficiency. Model
performance was evaluated using metrics like Mean Absolute Error (MAE), Root Mean Squared Error (RMSE), and
R-squared values to ensure robustness.

To evaluate trade-offs in sustainability goals, multi-criteria decision analysis (MCDA) techniques were
applied. AHP was used to prioritize sustainability criteria (e.g., cost, environmental impact, and energy
efficiency) based on stakeholder input, while TOPSIS was employed to rank alternative strategies, such as
adopting renewable energy sources or reducing packaging waste. Sensitivity analysis was conducted to test
the robustness of rankings under varying conditions. Analytical tools included Python libraries (e.g., PyMCDA),
MATLAB, and Excel-based MCDA models.

Ethical considerations were a critical component of this research. All participants provided informed consent
prior to their involvement, with clear explanations of the study’s objectives, data usage, and their right to
withdraw at any time. Data confidentiality was upheld by anonymizing participant information and securely
storing all collected data on encrypted systems. The study adhered to Jordan’s data protection laws and ensured
compliance with international regulations such as the General Data Protection Regulation (GDPR). Special
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attention was given to ensuring non-harm, with survey and interview questions designed to avoid sensitive or
invasive topics. Finally, the study received approval from the ethical review board of the research institution
to confirm adherence to ethical standards. The methodological rigor and ethical safeguards ensured that the
research findings are not only valid and reliable but also actionable and relevant to the context of Jordan’s
food supply chains. By integrating blockchain, Al, and MCDA tools, the study provided a robust framework for
addressing sustainability challenges in the region.

RESULTS
Blockchain Technology

The analysis of blockchain technology focused on its impact on metadata accuracy, metadata standardization,
and traceability time across Jordan’s food supply chain (table 2). The findings revealed that blockchain
platforms, such as Hyperledger Fabric and Ethereum, significantly improved data quality and operational
transparency among supply chain stakeholders. The average metadata accuracy across all nodes was 96,66
%, with a standard deviation of 1,97 %, indicating minimal variability in the quality of metadata recorded.
Similarly, the average traceability time required to track product details from retailers to farmers was reduced
to 2,35 hours, with a range between 1,8 hours (distributors) and 3,2 hours (logistics providers). These results
highlight the effectiveness of blockchain in ensuring accurate and timely metadata across all supply chain
nodes.

Table 2. Metadata Accuracy and Traceability Time

Metric Mean Standard Deviation Minimum Maximum
Metadata Accuracy (%) 96,66 1,97 93,7 99,2
Traceability Time (hours) 2,35 0,47 1,8 3,2

A node-level analysis revealed variations in performance. Farmers demonstrated the highest average
metadata accuracy (98,85 %), reflecting their critical role in entering primary product data such as product
origin, certifications (e.g., organic or Halal), and timestamps. Distributors achieved the lowest traceability time
(1,8 hours) due to their role in aggregating product information and maintaining compliance with sustainability
standards. On the other hand, logistics providers faced challenges, with the lowest metadata accuracy (94,50
%) and the highest traceability time (3,1 hours). These results suggest that logistical complexities, such as
transportation metadata requirements and multiple handoffs, may impede data standardization and speed.

Blockchain technology brought significant improvements when comparing pre- and post-implementation
metrics. Metadata inconsistencies were reduced by 78 %, with blockchain ensuring standardized metadata
entries across nodes through features like smart contracts. These contracts automated the validation of
mandatory fields, such as transportation conditions and certifications, reducing errors and enhancing data
reliability. Additionally, the average traceability time decreased by 40 %, from 4,0 hours pre-blockchain to
2,35 hours post-blockchain. This reduction can be attributed to blockchain’s real-time data availability and
immutable ledger, which eliminated manual reconciliation processes and enhanced operational efficiency.

The relationship between metadata accuracy and traceability time was also examined, revealing a strong
negative correlation (r = -0,78). This indicates that higher metadata accuracy directly contributes to faster
traceability, underscoring blockchain’s role in streamlining supply chain operations. Farmers and distributors,
who play key roles in metadata entry and aggregation, showed the most significant improvements in both
accuracy and traceability. However, logistics providers lagged in performance, suggesting the need for targeted
interventions, such as the integration of loT devices (e.g., GPS tracking and temperature sensors) with
blockchain systems to address specific logistical challenges.

Al Predictive Models - Forecasting Sustainability Metrics

The application of Al predictive models in this study focused on forecasting key sustainability metrics,
including food waste reduction, carbon footprint reduction, and energy efficiency improvements. By leveraging
machine learning algorithms such as Linear Regression, the study explored how independent variables,
specifically metadata accuracy and traceability time, influenced these sustainability outcomes. The models
demonstrated strong predictive capabilities, validating the role of Al in optimizing supply chain operations to
meet sustainability goals in Jordan.

The regression analysis revealed high accuracy for the predictive models (table 3), as indicated by the
coefficients of determination (R?) and Mean Absolute Error (MAE). For food waste reduction, the model achieved
an R?value of 0,88, explaining 88 % of the variance in food waste reduction outcomes, with a low MAE of 0,92.
The regression equation showed a strong positive relationship between metadata accuracy and food waste
reduction, where a 1 % increase in metadata accuracy resulted in a 1,5 % reduction in food waste. Conversely,
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longer traceability times negatively impacted food waste reduction, with every additional hour increasing

the likelihood of spoilage and inefficiencies. These findings emphasize the importance of real-time data and
reliable metadata in minimizing waste across the supply chain.

Table 3. Regression Results for Sustainability Metrics

Metric R2 MAE Regression Equation

Food Waste Reduction (%) 0,88 0,92 y=-1,2-(Traceability Time)+1,5-(Metadata Accuracy)-100
Egﬁ‘;" Footprint Reduction (k8 o8¢  g75 -2 3.(Traceability Time)+2,1-(Metadata Accuracy)-200
Energy Efficiency (kWh/unit) 0,76 0,04  y=-0,03-(Traceability Time)+0,05-(Metadata Accuracy)-3,2

For carbon footprint reduction, the model achieved an R2R"2R2 value of 0,81, with a MAE of 8,75 kg COze,
indicating strong predictive performance. The results highlighted a significant positive relationship between
metadata accuracy and carbon emissions reduction, with a 2,1 kg CO2e decrease for every 1 % improvement in
metadata accuracy. Shorter traceability times also contributed to lower carbon emissions by enabling efficient
logistics planning and reducing idle times during transportation. These findings validate the effectiveness of Al
in identifying opportunities to optimize supply chain processes and achieve carbon reduction targets.

The energy efficiency model, while slightly less predictive, still demonstrated strong results with an R2ZR"2R2
value of 0,76 and a MAE of 0,04 kWh/unit. The relationship between metadata accuracy and energy efficiency
was positive, with a 0,05 kWh/unit improvement for every 1 % increase in metadata accuracy. Traceability time
had a weaker negative influence on energy efficiency compared to the other sustainability metrics, suggesting
that energy optimization is less directly impacted by blockchain-driven traceability than by other factors. These
results highlight the need for additional variables, such as energy source data or equipment specifications, to
further refine energy efficiency predictions.

Across all metrics, metadata accuracy emerged as the most influential factor, consistently driving
improvements in food waste reduction, carbon footprint reduction, and energy efficiency. The negative impact
of traceability time on sustainability metrics underscores the importance of real-time data accessibility in
mitigating delays, spoilage, and inefficiencies. These results indicate that integrating Al predictive models
with blockchain systems can provide stakeholders with actionable insights, enabling them to make proactive
decisions that optimize supply chain sustainability.

The regression equations derived from the analysis provide a quantitative understanding of the relationships
between the variables. For example, in the case of food waste reduction, the regression equation demonstrates
that metadata accuracy has a greater positive impact on food waste reduction than traceability time, reinforcing
the critical role of blockchain in ensuring reliable data.

y = —1.2 - (Traceability Time) + 1.5 - (Metadata Accuracy) — 100

Similarly, for carbon footprint reduction, the equation highlights the combined importance of accurate
metadata and efficient logistics in minimizing emissions.

y = —2.3 - (Traceability Time) + 2.1 - (Metadata Accuracy) — 200

The results have several practical implications. First, they emphasize the need for operational optimization
through the integration of Al and blockchain technologies. By improving metadata accuracy and reducing
traceability delays, stakeholders can achieve significant reductions in waste and emissions while enhancing
energy efficiency. Second, the findings suggest that real-time monitoring enabled by Al predictive models
can help identify inefficiencies and implement corrective measures promptly. Finally, targeted investments in
improving metadata quality and leveraging predictive analytics, particularly for logistics providers, can address
bottlenecks and enhance overall supply chain performance.

Multi-Criteria Decision Analysis (MCDA) - AHP and TOPSIS

Multi-Criteria Decision Analysis (MCDA) was employed as a structured framework to evaluate and rank
alternatives when decisions involved multiple and often conflicting criteria. The process began with defining
the decision problem and identifying the goals, such as selecting the most sustainable supply chain node.
This step also included identifying alternatives (e.g., farmers, distributors, retailers, or logistics providers)
to be evaluated. The next step involved determining the criteria that aligned with the decision objectives.
For instance, in the context of sustainability, the criteria included Cost Efficiency, Environmental Impact, and
Resource Optimization. To reflect stakeholder priorities, weights were assigned to each criterion. The Analytic
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Hierarchy Process (AHP) was used to evaluate the relative importance of criteria through pairwise comparisons,
which were normalized to compute consistent weights. The normalization process was mathematically
represented as:

a;
_ 2ai

Ty Qi
2(Fa

w; where wi is the normalized weight of criterion .

Performance measurements were then conducted, where each alternative was scored against the criteria
using data collected from surveys, operational metrics, and predictive models. Since the criteria were often
measured in different units (e.g., dollars for cost vs. kilograms for carbon emissions), normalization techniques
were applied to standardize the decision matrix. For instance:

Min-Max Normalization

, o x—(x)
= max(x) — (x)'

Vector Normalization

Following normalization, the MCDA method was applied. The study utilized TOPSIS to rank alternatives by
calculating their distances from the ideal (best) and anti-ideal (worst) solutions using the Euclidean formula:

n

2
z (Xi—Xanti-ideat|)” »

i=1

n

> GiTigeal)* D™ =

i=1

The relative closeness to the ideal solution was computed as:

S = —
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The Multi-Criteria Decision Analysis (MCDA) employed in this study utilized the Analytic Hierarchy
Process (AHP) and Technique for Order Preference by Similarity to Ideal Solution (TOPSIS) to evaluate and
rank sustainability trade-offs in Jordan’s food supply chains. The AHP method was used to assign weights to
sustainability criteria based on stakeholder priorities, while TOPSIS ranked supply chain nodes according to
their performance across key sustainability metrics. The results provide insights into how stakeholders balance
competing objectives, such as cost efficiency and environmental impact, and identify which nodes perform best
in achieving sustainability goals.

Table 4. AHP Weights for Sustainability Goals

Criterion Weight
Cost Efficiency 0,40
Environmental Impact 0,40
Resource Optimization 0,20

The AHP analysis revealed that stakeholders assigned equal importance to cost efficiency and environmental
impact, with both criteria receiving a weight of 40 %. This demonstrates a balanced prioritization of economic
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and environmental considerations in decision-making (table 4). In contrast, resource optimization was given
a lower weight of 20 %, indicating that stakeholders view it as a secondary priority compared to cost and
environmental goals. This balanced weighting reflects a growing awareness among Jordanian supply chain
stakeholders of the need to achieve financial sustainability while minimizing environmental harm.

TOPSIS Scores Across Sustainability Metrics 0.90

Food Waste Reduction 0.65 0.85
0.80

Carbon Footprint Reduction 0.68 0.75

Sustainability Metric

-0.70

Energy Efficiency 0.6 -0.65

Distributor Farmer Retailer Logistics -0.60

Supply Chain Node
Figure 2. TOPSIS score Heat Map

Using the AHP-derived weights, TOPSIS was applied to rank supply chain nodes based on their performance
across sustainability metrics, including food waste reduction, carbon footprint reduction, and energy efficiency
improvements (figure 2). The results showed that distributors ranked highest, with a TOPSIS score of 0,85.
Their strong performance across all metrics, particularly in traceability time and carbon footprint reduction,
underscores their critical role in aggregating and standardizing data while ensuring compliance with sustainability
standards. Farmers ranked second, with a score of 0,78, reflecting their significant contribution to food waste
reduction and metadata accuracy. However, their limited influence on logistics-related metrics, such as carbon
emissions, likely explains why they ranked below distributors. Retailers ranked third, with a score of 0,72,
performing well in resource optimization and customer-facing sustainability efforts. However, their reliance on
upstream stakeholders (farmers, distributors, and logistics providers) for accurate and timely data impacted
their overall performance. Logistics providers, with a score of 0,65, ranked last due to longer traceability times
and higher carbon emissions, highlighting the need for targeted improvements in transportation efficiency and
traceability systems (table 5).

Table 5. TOPSIS Scores and Rankings

Node TOPSIS Score Rank
Distributor 0,85 1
Farmer 0,78 2
Retailer 0,72 3
Logistics 0,65 4

The AHP results highlight the dual focus of stakeholders on cost efficiency and environmental impact,
suggesting the need for balanced strategies that address both economic and environmental objectives. On the
other hand, the TOPSIS rankings provide actionable insights into the performance of different supply chain nodes.
Distributors, as the highest-performing node, demonstrated their ability to balance sustainability trade-offs
effectively, particularly in traceability and carbon management. Farmers also play a pivotal role, particularly
in reducing food waste and ensuring high metadata accuracy. However, the relatively lower performance of
logistics providers underscores the need for investments in cleaner technologies, optimized transportation
routes, and real-time traceability solutions to improve their contribution to overall sustainability.

These findings have several practical implications. First, the AHP weights can guide decision-makers in
prioritizing investments that balance cost efficiency and environmental impact. For instance, initiatives that
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simultaneously reduce logistics costs and emissions, such as fuel-efficient vehicles or route optimization, would
align with stakeholder priorities. Second, the TOPSIS rankings highlight areas where specific nodes can improve.
Logistics providers, for example, should focus on adopting cleaner transportation technologies and integrating
blockchain and loT systems for better traceability and reduced emissions. Lastly, the interconnected nature
of sustainability goals underscores the importance of collaboration among farmers, distributors, retailers, and
logistics providers to achieve shared objectives.

The MCDA analysis using AHP and TOPSIS demonstrated their effectiveness in evaluating sustainability trade-
offs in Jordan’s food supply chains. Stakeholders placed equal emphasis on cost efficiency and environmental
impact, while distributors emerged as the most sustainable node due to their strong performance across multiple
criteria. Farmers and retailers also performed well, but logistics providers require targeted interventions to
improve their rankings. These insights offer valuable guidance for policymakers and supply chain managers
seeking to develop balanced and actionable strategies for sustainability. Future research could expand the
scope by incorporating additional criteria, such as social equity or consumer preferences, to further refine the
decision-making framework.

Hypothesis Testing Results

The study tested two main hypotheses to evaluate the role of blockchain and Al technologies in enhancing
metadata management and sustainability metrics in Jordan’s food supply chains. The results of hypothesis
testing revealed significant improvements in metadata accuracy, traceability, and the ability to forecast
sustainability metrics, thereby validating the proposed hypotheses.

Hypothesis 1: Blockchain Technology and Metadata Management:

The first hypothesis (H1) posited that the implementation of blockchain technology significantly improves
metadata accuracy, standardization, and traceability across food supply chain nodes in Jordan. A paired sample
t-test was conducted to compare pre- and post-blockchain performance metrics for metadata accuracy and
traceability time. The results showed a significant improvement in metadata accuracy, which increased from
83 % (pre-blockchain) to 96,66 % (post-blockchain), with a highly significant p<0,001. Similarly, the average
traceability time decreased significantly from 4,0 hours to 2,35 hours, with p<0,001. These results confirm that
blockchain technology enhances data standardization, reduces inconsistencies, and accelerates traceability
processes within the supply chain. The findings strongly support H1, highlighting the transformative impact of
blockchain on supply chain transparency and operational efficiency.

Hypothesis 2: Al Predictive Models and Sustainability Metrics:

The second hypothesis (H2) proposed that Al-driven predictive models significantly enhance the ability to
forecast sustainability metrics, such as food waste reduction, carbon footprint reduction, and energy efficiency.
Multiple linear regression was employed to test the relationship between independent variables—metadata
accuracy and traceability time—and the dependent variables representing sustainability metrics. For food
waste reduction, the regression model explained 88 % of the variance (R?=0,88), with both metadata accuracy
(p<0,001) and traceability time (p=0,002) being significant predictors. The results showed that higher metadata
accuracy positively influenced food waste reduction, while longer traceability times had a negative impact.

Similarly, for carbon footprint reduction, the model accounted for 81 % of the variance (R?=0,81), with both
predictors being statistically significant (p<0,001 for metadata accuracy and p=0,001 for traceability time).
Metadata accuracy played a significant role in reducing carbon emissions, and shorter traceability times further
minimized the carbon footprint. For energy efficiency, the model explained 76 % of the variance (R*=0,76), and
both metadata accuracy (p=0,003) and traceability time (p=0,004) were significant predictors. Although the
impact of metadata accuracy on energy efficiency was relatively small, the positive relationship highlights its
importance in optimizing resource usage. These findings confirm that Al predictive models are highly effective
in forecasting sustainability metrics, thereby supporting H2.

The results of hypothesis testing strongly support both H1 and H2. Blockchain technology demonstrated its
ability to significantly improve metadata accuracy and traceability, reducing inefficiencies and enhancing data
reliability across the supply chain. Similarly, Al predictive models effectively forecasted sustainability metrics,
with metadata accuracy and traceability time emerging as key drivers of performance in food waste reduction,
carbon footprint reduction, and energy efficiency. These findings validate the potential of blockchain and Al
technologies to transform supply chain operations in Jordan, enabling stakeholders to achieve sustainability
goals through enhanced transparency, predictive insights, and data-driven decision-making.

DISCUSSION

This study underscores the transformative potential of blockchain and artificial intelligence (Al) technologies
in advancing sustainable food supply chains, particularly in emerging economies such as Jordan. The findings
contribute to the growing body of literature emphasizing the importance of digital innovations in addressing
supply chain inefficiencies, improving sustainability outcomes, and facilitating data-driven decision-making. By
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leveraging these technologies, stakeholders can effectively navigate the complexities of balancing operational
efficiency, environmental responsibility, and economic viability.

The integration of blockchain technology in supply chains has been widely acknowledged for its ability
to enhance data accuracy, standardization, and traceability. Previous studies, such as those by have
highlighted blockchain’s capacity to provide an immutable and transparent ledger that ensures trust among
supply chain participants. These studies particularly emphasize blockchain’s role in addressing challenges
related to fragmented and unreliable data—a challenge that is acutely felt in food supply chains where metadata
inconsistencies can lead to inefficiencies and food safety risks. This study aligns with these findings and extends
them by focusing on Jordan’s unique context, where blockchain is shown to have significant implications for
improving food traceability and ensuring compliance with sustainability standards, such as organic and Halal
certifications.

Al technologies have similarly been recognized for their ability to provide predictive insights and optimize
resource allocation in supply chain operations. Studies by®3 highlight Al’s utility in forecasting demand,
reducing waste, and minimizing environmental impact. These technologies are particularly valuable in regions
like Jordan, where resource scarcity and food security are critical concerns. The application of Al predictive
models to forecast sustainability metrics, such as food waste reduction and carbon footprint, reflects the
growing trend of utilizing machine learning to enable proactive decision-making in supply chain management.
By integrating Al with blockchain, organizations can further enhance real-time monitoring and improve
coordination across stakeholders, echoing the findings of past studies that emphasize the complementary roles
of these technologies.

A key aspect of this study lies in its emphasis on multi-criteria decision-making (MCDA) to address trade-offs
between conflicting sustainability objectives. Prior research, including the works of 4" has highlighted the
inherent complexity of balancing economic, environmental, and social goals in supply chain management. This
study builds on these insights by applying frameworks such as Analytic Hierarchy Process (AHP) and Technique
for Order Preference by Similarity to Ideal Solution (TOPSIS). These tools allow stakeholders to prioritize criteria
such as cost efficiency, environmental impact, and resource optimization based on their relative importance.
The results demonstrate the feasibility of employing MCDA frameworks to guide strategic decision-making in
sustainable food supply chains, thereby addressing the pressing need for actionable sustainability strategies
highlighted in earlier studies.

Moreover, this study contributes to the understanding of regional challenges and opportunities in adopting
digital technologies. Jordan’s food supply chains, characterized by small-scale farming, reliance on imports,
and the rising influence of urban retail markets, present a unique context for evaluating the application of
blockchain and Al. This regional perspective aligns with studies like those by“*4) which emphasize the importance
of tailoring digital solutions to local socio-economic and infrastructural realities. For example, blockchain’s
ability to standardize and validate metadata entry at the farmer level addresses the common issue of data
fragmentation in smallholder-dominated supply chains. Similarly, Al-driven sustainability forecasting can help
stakeholders in resource-constrained regions make more informed decisions about inventory management and
logistics optimization.

While the adoption of blockchain and Al technologies shows promise, the literature also acknowledges
several challenges associated with their implementation. Studies by““) have identified barriers such as
high implementation costs, lack of technical expertise, and resistance to change among stakeholders. These
challenges are particularly relevant in Jordan, where small-scale producers and logistics providers may face
difficulties in adopting advanced technologies due to financial and infrastructural constraints. Addressing these
barriers requires targeted investments, capacity-building initiatives, and government support to facilitate
technology adoption and integration into supply chain practices.

Another important consideration is the alignment of digital solutions with sustainability objectives. Scholars
such as“44®) argue that technological interventions must be designed to support long-term environmental and
social goals rather than solely focusing on short-term operational efficiency. This study’s emphasis on forecasting
sustainability metrics and evaluating trade-offs through MCDA frameworks aligns with this perspective,
highlighting the importance of holistic and balanced approaches to digital transformation in supply chains.

This study contributes to the broader discourse on the role of digital technologies in enabling sustainable
food supply chains. By integrating blockchain and Al with decision-making frameworks, it highlights the potential
to enhance transparency, efficiency, and sustainability while addressing the unique challenges faced by
stakeholders in emerging economies. Future research should focus on exploring the socio-economic implications
of these technologies, particularly in resource-constrained regions, and identifying strategies to overcome
implementation barriers. Through a combination of technological innovation, stakeholder collaboration, and
policy support, sustainable food supply chains can be realized, offering a pathway to greater resilience and
sustainability in the global food system.
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CONCLUSIONS

This study addressed the stated objectives by demonstrating how blockchain and Al technologies can enhance
sustainability in Jordan’s food supply chains. Blockchain improved metadata accuracy, traceability, and data
standardization, fostering transparency and operational efficiency. Al predictive models provided actionable
insights into key sustainability metrics, including food waste reduction, carbon footprint mitigation, and energy
efficiency, enabling stakeholders to make data-driven decisions.

Through multi-criteria decision analysis (MCDA) frameworks like AHP and TOPSIS, trade-offs among cost
efficiency, environmental impact, and resource optimization were effectively evaluated. Distributors emerged
as the most balanced supply chain node, reflecting strong sustainability performance. The study highlighted
challenges unique to Jordan, such as fragmented agricultural practices and limited resources, while identifying
barriers like high costs and limited technical expertise for technology adoption. Despite these challenges,
blockchain and Al offer a pathway to align supply chain practices with sustainability goals.

This research provides actionable insights for policymakers and practitioners, emphasizing the need for
investments in capacity-building, infrastructure, and technology integration. Future studies should explore
cost-effective scaling strategies and include additional criteria, such as social equity, to support holistic and
sustainable food supply chains.
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