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Objective: The objective of this study was to design and validate a blockchain-based dairy supply
chain risk management model using the simulated annealing algorithm for simultaneous
optimization of cost and risk.

Methodology: This applied study employed a descriptive—analytical simulation approach. The
research population consisted of dairy supply chain actors organized within a three-tier structure
including suppliers, processing plants, and market demand nodes. Operational data such as
production capacity, procurement and transportation costs, market demand, and risk indicators
were collected from industry records. The proposed model incorporated binary and quantitative
decision variables, stochastic demand modeled through Poisson distribution, and parametric
disruption risks. A multi-objective optimization framework was solved using the simulated
annealing metaheuristic, and algorithm performance was evaluated through convergence behavior
and sensitivity analysis.

Findings: The results demonstrated that simulated annealing successfully minimized total supply
chain cost and risk simultaneously while achieving stable convergence toward optimal solutions.
Sensitivity analysis confirmed robustness of the model under variations in risk weighting, demand
fluctuations, and cooling parameters. The optimal solution adopted a multi-supplier allocation
strategy that improved operational flexibility and balanced risk exposure across the supply chain
network.

Conclusion: Integrating blockchain technology with simulated annealing provides an effective
framework for dairy supply chain risk management, enhancing transparency, resilience, and
strategic decision-making in multi-tier supply systems.

Keywords: Supply Chain Risk Management, Dairy Industry, Blockchain Technology, Simulated
Annealing, Multi-Objective Optimization, Guilan Province.
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EXTENDED ABSTRACT
Introduction

Supply chain management has evolved from a purely operational function into a strategic
capability that determines organizational competitiveness, sustainability, and resilience in dynamic
markets. Modern supply chains operate in complex, interconnected environments characterized by
uncertainty, demand volatility, and exposure to operational disruptions. These challenges have elevated
supply chain risk management to a central research and managerial priority, particularly in industries
dealing with perishable products such as dairy manufacturing. Effective coordination among suppliers,
producers, distributors, and markets is essential to ensure product quality, cost efficiency, and continuity
of operations (Jaboob et al., 2024; Ngo et al., 2024).

Recent studies emphasize that integration across supply chain actors significantly improves
operational performance while reducing vulnerability to disruptions. Integrated supply chain structures
enable organizations to respond proactively to uncertainty rather than reactively managing crises (Munir «
et al., 2020). In agro-based industries, supply chains face additional complexities related to logistics
coordination, resource allocation, and demand unpredictability, making risk-aware optimization models
increasingly necessary (Kumar «& Sahoo¢, 2025). The dairy industry represents a particularly sensitive
context because of product perishability, strict quality requirements, and time-dependent distribution
processes. Inefficient risk management in such systems may result in financial loss, reduced product
quality, and diminished consumer trust (Al Aziz et al., 2025).

Digital transformation has introduced new opportunities to redesign supply chain structures.
Emerging technologies enable real-time monitoring, transparent data exchange, and intelligent decision-
making processes. Transformative supply chains increasingly rely on digital platforms to enhance
visibility and operational coordination (Massari <et al., 2025). Among these technologies, blockchain has
attracted substantial attention due to its decentralized architecture, immutability of records, and ability to
establish trust among supply chain participants. Blockchain technology improves transparency, reduces
fraud risk, and enables secure information sharing across organizational boundaries (Raja et al., 2025).

Blockchain-based decision-support systems have demonstrated strong potential for improving risk
evaluation and financial transparency in supply chain ecosystems (Zhang et al., 2025). In food supply
chains, blockchain applications allow end-to-end traceability, which reduces contamination risks and
strengthens safety management processes (Ma <et al., 2024). Furthermore, blockchain platforms facilitate
automation through smart contracts, enabling faster coordination and reduced transaction costs across
global supply networks (Agnola <et al., 2025). The integration of reliable information flows remains a key
driver of supply chain efficiency, and digital infrastructures are increasingly recognized as essential
enablers of coordinated operations (Marouti Sharif Abadi et al., 2024; Zaman et al., 2025).

Despite these advantages, successful adoption of blockchain technology requires comprehensive
managerial frameworks and optimization models capable of handling complex decision variables.
Research in the Iranian economic context indicates that technological adoption must be accompanied by
organizational, financial, and institutional alignment to achieve meaningful improvements in supply chain
performance (Ayin & Noori, 2024). Simulation-based studies also demonstrate that blockchain-enabled



smart contracts enhance operational efficiency and reduce uncertainty in logistics systems (Jahaniyan &
Kiani, 2024).

Parallel to technological advancements, optimization and decision-support methodologies have
gained importance in managing multi-objective supply chain problems. Artificial intelligence and
decision-support systems help organizations identify optimal strategies under uncertainty and competing
objectives (Baryannis et al., 2019). Metaheuristic algorithms, in particular, are well suited for solving
nonlinear, multi-dimensional optimization problems commonly encountered in supply chain networks.
These approaches allow simultaneous consideration of cost, risk, capacity, and demand constraints,
thereby improving strategic planning outcomes.

Risk prioritization studies further highlight the necessity of systematic modeling approaches that
account for logistical disruptions, resource limitations, and crisis conditions within supply chains (Asghari
Hamad et al., 2025). Sustainable supply chain research also emphasizes the importance of forward-looking
models capable of balancing efficiency and resilience in agricultural and food industries (Abedini et al.,
2024). Moreover, experiences from other critical supply networks demonstrate that robust risk
management frameworks can significantly enhance system stability during large-scale disruptions (Baba
Zadeh Rafiei et al., 2024).

Considering these developments, integrating blockchain technology with advanced optimization
algorithms provides a promising pathway toward intelligent supply chain risk management. Such
integration enables transparent information exchange, data-driven decision-making, and adaptive
allocation of resources under uncertainty. Therefore, the present study aims to develop and validate a
blockchain-based dairy supply chain risk management model optimized through a simulated annealing
metaheuristic algorithm to simultaneously minimize cost and risk.

Methods and Materials

This study adopted an applied and descriptive—analytical research design using simulation-based
modeling. The research focused on the dairy supply chain of Guilan Province, structured as a three-tier
network consisting of raw milk suppliers, processing factories, and market demand nodes.

Operational data were collected from industry records and included production capacities,
procurement costs, transportation expenses, processing costs, daily demand levels, and risk indicators
associated with supply disruptions. The modeling framework incorporated binary decision variables
representing supplier selection and transportation decisions, as well as quantitative variables describing
order quantities, inventory levels, and production rates. Market demand was modeled as a stochastic
variable following a Poisson probability distribution, reflecting real-world fluctuations in consumption
patterns.

The proposed supply chain model considered multiple constraints including supplier capacity
limits, production capacity restrictions, demand satisfaction requirements, and logistics feasibility
conditions. A multi-objective optimization function was developed to minimize total operational cost and
aggregated supply risk simultaneously.

To solve the optimization problem, the simulated annealing (SA) metaheuristic algorithm was
employed. The algorithm began with randomly generated feasible solutions and iteratively explored
neighboring solutions while probabilistically accepting inferior solutions during early stages to avoid local
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optima. Key parameters such as initial temperature, cooling rate, iteration number, and stopping criteria
were calibrated through preliminary experimentation to achieve stable convergence behavior.

Model performance was evaluated through convergence analysis and sensitivity testing.
Sensitivity analysis examined the stability of the model under variations in risk weighting coefficients,
demand fluctuations, and algorithmic cooling parameters. Multiple simulation scenarios were executed to
ensure robustness and reliability of results.

Findings

Simulation results demonstrated that the simulated annealing algorithm successfully converged
toward an optimal allocation strategy balancing cost efficiency and risk mitigation. During initial
temperature levels, solution diversity was high and substantial variations in cost and risk values were
observed. As temperature decreased, the algorithm progressively improved solution quality, leading to
consistent reductions in both performance indicators.

The final optimized solution indicated a hybrid supplier allocation strategy rather than reliance on
a single supplier. One supplier with lower cost but higher risk was primarily assigned to high-capacity
industrial factories, while medium-risk suppliers served smaller processing units. A low-risk supplier was
selectively utilized as a strategic backup source, ensuring system resilience against potential disruptions.

Results revealed significant reductions in total supply chain cost alongside measurable decreases
in aggregated risk levels. Convergence patterns showed rapid improvement during early iterations
followed by gradual stabilization, confirming effective exploration and exploitation phases of the
simulated annealing algorithm. From later temperature stages onward, cost and risk values stabilized,
indicating algorithmic convergence toward a near-global optimum solution.

Sensitivity analysis confirmed the robustness of the proposed model. Variations in risk weighting,
demand uncertainty, and cooling parameters produced only minor deviations in objective function values.
Statistical indicators demonstrated low standard deviation across simulation scenarios, suggesting strong
stability of the optimization framework. Computational efficiency was also satisfactory, with reasonable
processing time required to reach stable solutions.

Overall, the results indicate that integrating blockchain-based transparency with metaheuristic
optimization enables efficient resource allocation, improved operational flexibility, and enhanced
resilience within the dairy supply chain.

Discussion and Conclusion

The findings of this study demonstrate that combining blockchain technology with metaheuristic
optimization offers a powerful framework for managing risks in complex supply chain systems. The
ability of the simulated annealing algorithm to simultaneously reduce cost and risk confirms the suitability
of metaheuristic approaches for multi-objective decision environments characterized by uncertainty and
interdependent variables.

The emergence of a multi-supplier allocation pattern highlights the importance of diversification
strategies in supply chain risk management. Rather than pursuing purely cost-minimizing solutions, the
optimized model implicitly balanced economic efficiency with resilience considerations. This outcome
reflects a shift in modern supply chain thinking, where robustness and adaptability are viewed as equally
critical as operational efficiency.



Blockchain integration further strengthens this framework by enabling transparent information
exchange and traceability across all supply chain levels. Enhanced visibility allows organizations to detect
disruptions earlier, coordinate responses more effectively, and build trust among stakeholders. In
perishable-product industries such as dairy manufacturing, these capabilities contribute directly to quality
assurance, operational continuity, and customer confidence.

The convergence stability observed in the optimization process demonstrates that simulated
annealing can effectively escape local optima and explore complex solution spaces. This capability is
particularly valuable in supply chain environments where numerous interacting constraints make
analytical optimization impractical. The sensitivity analysis results also indicate that the proposed model
maintains reliable performance under changing environmental conditions, suggesting practical
applicability in real-world operations.

From a managerial perspective, the integration of digital technologies with advanced analytics
represents a fundamental transformation in supply chain governance. Decision-making shifts from
intuition-based planning toward data-driven optimization supported by intelligent algorithms and secure
digital infrastructures. Such systems enable organizations to anticipate risks rather than merely react to
disruptions.

In conclusion, the study provides evidence that a blockchain-enabled, simulated annealing—based
optimization model can significantly enhance dairy supply chain risk management. By improving
transparency, enabling adaptive resource allocation, and achieving simultaneous cost—risk optimization,
the proposed framework contributes to the development of resilient, intelligent, and sustainable supply
chain systems capable of operating effectively in uncertain and rapidly changing environments.
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