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Abstract

In the era of Industry 4.0, blockchain technology has emerged as a transformative
force in optimizing smart supply chains by ensuring data transparency, security,
and real-time traceability. This study introduces a comprehensive multi-objective
optimization model to address critical challenges in blockchain-based smart
supply chains. The model balances transparency, operational cost efficiency, and
environmental sustainability while maintaining scalability and resilience against
disruptions. The proposed framework uses advanced mathematical modeling and
heuristic optimization algorithms to identify optimal trade-offs between
objectives, incorporating dynamic supplier selection, adaptive inventory
management, and energy-efficient blockchain consensus mechanisms. A case
study involving a global food supply chain demonstrates the applicability and
performance of the model in enhancing operational efficiency, reducing carbon
footprints, and fostering trust among stakeholders. The findings emphasize the
potential of blockchain technology in reimagining supply chain systems for a
sustainable and digitally empowered future.
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1- Introduction

In the globalization and digital transformation age, supply chain management has emerged as a critical
domain for ensuring the efficient flow of goods, information, and capital. For the food industry,
characterized by perishable goods and stringent regulatory standards, supply chain optimization is essential
for maintaining quality, reducing waste, and meeting consumer demands. However, traditional supply
chains are plagued by inefficiencies such as lack of transparency, high operational costs, and significant
environmental impact. Addressing these challenges requires innovative solutions that blend advanced
technology and strategic optimization (Rahmaty et al., 2023).
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Blockchain technology has garnered considerable attention as a transformative tool for supply chains.
Blockchain enhances traceability, transparency, and stakeholder trust by providing a decentralized, tamper-
proof ledger. It ensures real-time access to accurate data, critical in mitigating fraud, expediting recalls, and
improving compliance with regulatory standards. In parallel, integrating optimization algorithms, such as
multi-objective evolutionary algorithms (MOEAs), offers a systematic approach to balancing trade-offs
among competing objectives like cost, transparency, and sustainability. The convergence of blockchain and
optimization presents a unique opportunity to revolutionize supply chains in the food industry (nozari et
al., 2022; Najafi et al., 2022).

This research explores the application of a blockchain-based multi-objective optimization model in the
context of the food supply chain. The proposed model aims to enhance transparency, minimize costs, and
reduce environmental impact, addressing the industry’s most pressing challenges. This study offers a novel
framework for reimagining food supply chains by leveraging blockchain capabilities and advanced
optimization techniques. Additionally, it provides actionable insights for businesses seeking to align
operational efficiency with sustainability goals. The study validates its model through a case study in the
food industry, demonstrating its practicality and effectiveness in real-world scenarios.

2- Literature review
Challenges in Food Supply Chain Management

Supply chain management in the food industry faces unique challenges due to the perishable nature of
products and the complexity of global networks. Studies highlight issues such as food fraud, waste, and
inefficiencies in logistics as significant barriers to effective operations (Aung & Chang, 2014; Nozari,
2023). Moreover, ensuring compliance with safety standards and traceability requirements has become
increasingly important in light of consumer awareness and regulatory demands (Galvez et al., 2018). These
challenges underscore the need for robust systems that enhance stakeholder visibility and coordination.

Blockchain Technology in Supply Chains

Blockchain technology, initially developed for cryptocurrencies, has gained traction as a tool for supply
chain innovation. Its core features—decentralization, immutability, and transparency—make it an ideal
solution for addressing supply chain inefficiencies (Tian, 2017). Blockchain enables recording all
transactions in a tamper-proof ledger, ensuring that data remains consistent and accessible across the
network. Research by Kouhizadeh et al. (2021) demonstrates how blockchain can enhance traceability,
reduce fraud, and improve decision-making by providing accurate, real-time data.

In the food industry, blockchain has been used to ensure product authenticity, monitor temperature-sensitive
shipments, and expedite recalls (Carrefour, 2020). However, the adoption of blockchain is challenging.
High implementation costs, scalability issues, and energy-intensive consensus mechanisms such as Proof
of Work remain significant barriers (Saberi et al., 2019). Recent advances in consensus protocols, such as
Proof of Authority and Proof of Stake, have sought to mitigate these challenges by offering more sustainable
alternatives.

Optimization in Supply Chains
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Optimization is a cornerstone of supply chain management, enabling firms to balance competing objectives
like cost minimization and service level maximization. Multi-objective optimization models have proven
particularly effective in addressing complex supply chain problems involving trade-offs among multiple
stakeholders (Govindan et al., 2018). Among these, evolutionary algorithms like MOEA/D have gained
prominence for efficiently solving multi-objective problems by decomposing them into scalar sub-problems
(Zhang & Li, 2007).

Studies have applied optimization techniques to various aspects of supply chain management, including
route optimization, supplier selection, and inventory management. For instance, Benjaafar et al. (2013)
examined how optimizing logistics operations can reduce costs and carbon emissions simultaneously.
However, traditional optimization models often need to pay more attention to integrating digital
technologies like blockchain, limiting their applicability in modern supply chains.

Blockchain and Optimization: A Synergistic Approach

The convergence of blockchain and optimization offers a robust framework for modern supply chain
management. Blockchain ensures data integrity and visibility, while optimization techniques provide a
structured approach to decision-making. For example, Kamble et al. (2020) proposed a blockchain-based
supply chain model optimized for transparency and efficiency. Their study demonstrated how blockchain
could enhance trust while reducing operational redundancies through strategic optimization.

Despite its promise, research on integrating blockchain and optimization still needs improvement,
particularly in the food industry. Existing studies often focus on either blockchain implementation or supply
chain optimization in isolation, leaving a gap in understanding their combined potential (Queiroz et al.,
2019). This research aims to bridge this gap by developing a blockchain-enabled optimization model
tailored to the unique needs of the food supply chain.

Sustainability and Supply Chain Innovation

Sustainability has become critical in supply chain management, driven by regulatory requirements and
consumer expectations. Research shows that optimizing logistics operations, adopting green technologies,
and reducing energy consumption are vital strategies for achieving sustainable supply chains (Dubey et al.,
2017). Blockchain can play a pivotal role in sustainability by providing a transparent platform for tracking
carbon emissions and ensuring compliance with environmental standards (Geissdoerfer et al., 2017).

The integration of blockchain and optimization aligns well with sustainability goals. Firms can balance
profitability with environmental responsibility by incorporating sustainability metrics into multi-objective
optimization models. For instance, including carbon emissions as an objective in optimization models
allows decision-makers to evaluate trade-offs between cost and ecological impact. This study builds on
such approaches, incorporating sustainability as a core objective in the proposed model.

3- Modeling

This study proposes a multi-objective optimization model for blockchain-based smart supply chains,
focusing on three critical goals: maximizing transparency, minimizing costs, and enhancing environmental
sustainability. The model leverages blockchain’s inherent features—immutability, transparency, and
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decentralized trust—to optimize supply chain operations while addressing emerging challenges like high
energy consumption and operational inefficiencies. This blockchain-based supply chain is shown in Figure
1.

Key Objectives

1. Transparency Maximization: Blockchain ensures real-time traceability by recording immutable
transactions across all supply chain stages. The model quantifies transparency by minimizing
tampering probabilities and enhancing the visibility of goods and data.

2. Cost Efficiency: The framework minimizes operational costs, such as transportation expenses,
inventory management costs, and blockchain infrastructure maintenance fees.

3. Environmental Sustainability: The model reduces carbon emissions and energy consumption by
selecting energy-efficient blockchain consensus mechanisms and optimizing green logistics.

Decision Variables

e x;;: The volume of goods transported from supplier i to destination j.

e y;: Binary decision variable indicating supplier selection (1 if selected, O otherwise).
e z;: Blockchain consensus mechanism (e.g., Proof of Stake, Proof of Authority).

Constraints
The model enforces several constraints:

e Demand Fulfillment: Supply must meet demand across all destinations.

e Supply Limits: Suppliers’ capacities are respected.

e Blockchain Throughput: The selected blockchain mechanism must handle all transactions
without delays.

o Emission Cap: Total emissions from transport and blockchain operations must remain below a
predefined threshold.

Objective Functions

1. Transparency: Maximized by ensuring all data and transactions are securely recorded and
tamper-resistant.

2. Cost: Minimized by balancing supply chain logistics and blockchain operational expenses.
3. Emissions: Reduced by integrating sustainable practices and optimizing transport routes.
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Figure 1: Blockchain-based supply chain

Model Components:
Objective Functions:

¢ Maximize Transparency:

(2, (1) .

transactions

Where Piamper is the probability of tampering.

e Minimize Costs:
min (ZCLJ - Tij + ch 'Zk)
i, k

Where c;; is transportation cost, and ¢y is blockchain maintenance cost.

e Minimize Emissions:

: (3)
min (Z €ij * mij)

ij
Where e;; is the emission factor for route i, j.
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Constraints:

« Demand Satisfaction:

ZQ?U sz, Vj

Where D; is the demand at destination ;.
¢ Supply Limitations:
Z zi; <8, Vi
i
Where S; is the capacity of supplier i .

e Blockchain Throughput:

The network throughput T,, must meet transaction requirements:

Tk Z Z.tra.nsactions, vk
time frame

e« Emission Cap:

Total emissions should not exceed a predefined cap E,pqy :

Zeij - Zij < Emax

i,

The model’s application to a real-world case study (e.g., food or pharmaceutical supply chains)
demonstrates its capability to improve operational efficiency, transparency, and sustainability. The results

(4)

(5)

(6)

(7)

highlight significant reductions in costs and emissions while fostering stakeholder trust.

This innovative framework serves as a blueprint for reimagining supply chains in the blockchain era,

enabling sustainable and digitally empowered global logistics.

4- Research Findings

This study presents a blockchain-based optimization model for smart supply chains specifically applied to
the food industry. The findings are derived from using a multi-objective evolutionary algorithm
(MOEA/D) to optimize transparency, costs, and carbon emissions across the supply chain.

A case study is considered as follows to analyze the presented model.

Problem Context

e Industry: Perishable food supply chain (e.g., dairy products).

e Supply Chain Network:
o Suppliers: 5 regional suppliers.
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o Distribution Centers (DCs): 3 hubs.
o Retailers: 8 stores across urban and suburban areas.

Objective Functions

1. Maximize Transparency: Minimize tampering probability and maximize ledger consistency.

2. Minimize Costs: Includes transportation costs, blockchain operational fees, and inventory
holding costs.

3. Minimize Carbon Emissions: Focused on transportation and blockchain energy usage.

Constraints
e Supplier capacity: 50-200 units.
e Demand: 40-150 units per retailer.
¢ Blockchain throughput: Minimum 10,000 transactions/day.

Optimization Tool

o MOEA/D: Decomposes the multi-objective problem into scalar subproblems, optimizing them
simultaneously.

4-1 Numerical Results
Key Outputs (Average over 100 simulation runs):

1. Transparency (Score): Improved from 0.65 (baseline without blockchain) to 0.92 with
blockchain integration.
2. Costs (USD): Reduced by 22.8%, from $200,000 to $154,000.
o Transportation: $90,000 — $75,000.
o Blockchain fees: $50,000 — $45,000 (optimized via Proof of Authority).
o Inventory holding: $60,000 — $34,000.
3. Carbon Emissions (kg CO:): Reduced by 27.4%, from 80,000 kg to 58,000 kg.

Table 1: Trade-Off Solutions (Sample Points):

Transparency Score Cost (USD) Carbon Emissions (kg CO-)

0.88 162,000 62,500
0.90 158,000 60,000
0.92 154,000 58,000

Figure 2 shows emissions by transport mode.
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Figure 2: Emissions by transport mode

Key Insights and Numerical Results

1.

Transparency:
o Blockchain integration improved transparency scores from 0.65 (baseline) to 0.92.
o Traceability and trust were enhanced across all stages of the supply chain, from suppliers
to retailers.
o The probability of tampering was reduced by 75% due to data immutability and real-time
visibility.
Cost Efficiency:

o The total operational cost decreased by 22.8%o, from $200,000 to $154,000.
= Transportation costs: Reduced from $90,000 to $75,000 by optimizing routes and
shifting to greener transport.
= Blockchain operational costs: Decreased by 10% through energy-efficient
consensus mechanisms (e.g., Proof of Authority).
= Inventory holding costs: Lowered by 43.3%, from $60,000 to $34,000, due to
better demand forecasting and supplier selection.
Environmental Sustainability:
o Carbon emissions were reduced by 27.4%, from 80,000 kg to 58,000 kg.
= Achieved by incorporating electric vehicles and route optimization.
» Blockchain energy usage was optimized to decrease emissions by 15% compared
to baseline Proof of Work setups.
Trade-Off Analysis:
The Pareto front revealed that:
o Higher transparency does not always require higher costs or emissions until a specific
threshold is reached.
o Cost reductions were strongly correlated with emissions reductions, demonstrating that
sustainability aligns with financial optimization.
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Case Study Validation
A real-world simulation of a dairy product supply chain validated the model's effectiveness:

o Suppliers, distribution centers, and retailers seamlessly integrated with blockchain.
e Product recalls were expedited by 40% due to enhanced traceability.
o Stakeholder trust increased as all parties accessed the same immutable data.

5- Conclusion

This research presents a transformative framework for optimizing blockchain-based smart supply chains,
focusing on the food industry. By integrating blockchain technology and a multi-objective optimization
model, the study addresses key challenges in supply chain management, including enhanced transparency,
cost efficiency, and environmental sustainability. The proposed model, evaluated using a perishable food
supply chain, demonstrates its capacity to deliver significant improvements across these objectives.

Transparency and Trust

Blockchain technology fundamentally redefines transparency by enabling real-time, tamper-proof data
sharing across all supply chain stakeholders. The research findings show that transparency scores improved
significantly, reducing tampering probabilities by 75%. This enhancement ensures product traceability and
expedites critical processes like recalls, boosting overall supply chain resilience. For the food industry,
where compliance with regulatory requirements and consumer trust are paramount, blockchain provides a
competitive advantage by ensuring end-to-end visibility and accountability.

Cost Efficiency

The model’s optimization capabilities effectively reduce operational costs by 22.8%. Key contributors
include optimized transportation routes, reduced inventory holding costs, and adopting energy-efficient
blockchain mechanisms such as Proof of Authority. These savings are critical in an industry characterized
by tight profit margins and intense competition. Furthermore, blockchain integration enhances data
accuracy, reducing inefficiencies caused by manual errors and redundancies. As supply chains become
increasingly digitized, these cost efficiencies pave the way for scalability and adaptability in dynamic
market environments.

Environmental Sustainability

One of the most compelling outcomes of this study is the significant reduction in carbon emissions,
demonstrating the feasibility of aligning financial objectives with environmental goals. By incorporating
electric vehicles and optimizing transport routes, emissions were reduced by 27.4%. Blockchain’s energy
consumption was minimized by selecting sustainable consensus protocols, highlighting the importance of
balancing technology adoption with ecological responsibility. These findings resonate with the growing
emphasis on sustainability in global supply chains, driven by consumer demand and regulatory pressures.

Trade-Off Analysis and Scalability

The use of MOEA/D facilitated an insightful trade-off analysis among the objectives. The Pareto front
revealed that significant gains in transparency and sustainability could be achieved without proportionate
cost increases up to a threshold. Beyond this point, achieving marginal improvements requires more
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substantial investments, providing decision-makers with a clear framework for strategic prioritization. The
model’s adaptability also underscores its applicability to other industries beyond food, such as
pharmaceuticals and electronics, where traceability and compliance are equally critical.

Contributions to Research and Practice

This research bridges a critical gap by combining blockchain technology with advanced optimization
techniques to address practical challenges in supply chain management. It offers a novel perspective on
leveraging digital tools for operational, financial, and ecological gains. Integrating blockchain-specific
parameters, such as consensus mechanisms and throughput, into the optimization model is a crucial
innovation, ensuring the technology’s potential is fully realized.

Final Thoughts

In conclusion, this study highlights the transformative potential of blockchain in reshaping supply chain
systems for the food industry and beyond. The proposed model delivers a blueprint for achieving
transparency, cost efficiency, and sustainability while fostering stakeholder trust and collaboration. As
businesses navigate the challenges of globalization, digital transformation, and climate change, the insights
from this research provide actionable strategies for building smarter, greener, and more resilient supply
chains.
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