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The primary objective of this study is to forecast future demand and
improve logistics and raw material storage in the aluminum supply
chain using a hybrid simulation approach. A 30-year dataset was used
to forecast aluminum demand for the years 1403 to 1405 (Hijri
Shamsi). To achieve this, a combination of discrete-event simulation
(DES), system dynamics (SD), and agent-based modeling (ABM) was
employed. Various probability distributions, mainly uniform and
triangular, were applied based on modeling needs. The hybrid
simulation model and sensitivity analysis show that the Iran Aluminum
Company (IRALCO) supply chain can meet the projected demand
increase over the next three years. The novelty of this research lies in
integrating DES, SD, and ABM methodologies, enabling a more
comprehensive and layered analysis of supply chain behavior. This
integrated approach sets the study apart from previous research. The
study adopts a mixed-methods design: the conceptual model was
developed qualitatively, while quantitative techniques were used for
model analysis. In light of resource constraints and the strategic
importance of domestic aluminum supply, this research emphasizes
innovative demand forecasting methods. Hybrid simulation is
considered a suitable and wunderutilized tool in the literature,
contributing to both theoretical advancement and methodological
development. The high accuracy of forecasts derived through this
approach underscores its effectiveness. Results highlight the
significant roles of road and rail logistics, as well as warehousing, in
enhancing supply chain performance.
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Introduction

Iran's aluminum industry, as one of the country's strategic sectors, faces numerous challenges,
including an unstable supply of raw materials, high transportation costs, and fluctuations in
currency and trade. Supply chain is one of the main requirements for maintaining the
competitiveness of companies in today's world. In complex conditions, with uncertain horizons
and intense competition, businesses face new challenges, and to deal with these operational
pressures, new methods are invented every day to help reduce uncertainty and overcome these
challenges. Supply chain management is one of the new methods that has been developed over
the past three decades to deal with the challenges facing businesses. A concept with roots in
logistics management, supply chain management gained wider recognition in the early 1980s, as
computer technology advanced and expanded. For modeling, simulation, and improvement of
related processes, one of the new modeling methods is the foundation factor, under which
various software works, and the most powerful of all is the AnyLogic software. The main
advantage of this research is the simultaneous use of three simulation methods (discrete event,
system dynamics, and agent-based). This innovative combination allows complex behaviors and
interactions between chain components to be modeled with greater accuracy and more effective
decision-making.

This research aims to design and analyze the aluminum supply chain using a hybrid
simulation model, through which behavioral patterns, strengths and weaknesses, and hidden
capacities of the chain can be accurately identified; and improvement suggestions based on
realistic scenarios can be presented. In this article, we will understand what obstacles Iralco
faced and how the problem-solving solutions were solved using factor-based modeling, and
software analyses show to what extent this company can manage the Iranian aluminum market.

Research Objectives and Questions
The Main Purpose of the Research

The main objective of this research is to design and analyze the behavior of the country's
aluminum industry supply chain using a hybrid simulation approach (including factor-based
modeling, system dynamics, and discrete-event simulation) and predict the trend of primary
aluminum consumption in the future time horizon.

Sub-Goals

1. Identifying the key components, structure, and dimensions affecting the country's aluminum
supply chain

2. Identifying and defining the main and active factors in the supply chain (such as suppliers,
factories, ports, transportation fleets, customers, and competitors)

3. Forecasting the amount of primary aluminum consumption in the country in the coming
years, based on dynamic modeling

4. Identifying quantitative relationships and rules between factors to develop an accurate
behavioral model in the supply chain

5. Validating the designed model by comparing simulation outputs with actual production and
sales data from previous years to evaluate the accuracy, correctness, and reliability of the
proposed model.
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Research questions

In accordance with the objectives set, this research seeks to answer the following questions:

1- How can a comprehensive and efficient model for the aluminum supply chain be designed
that provides the ability to analyze its behavior, structure, and dynamics?

2- Is it possible to predict the amount of primary aluminum consumption using a factor-based
modeling approach, and how reliable is this prediction?

3- What are the dimensions, variables, and factors that have the greatest impact on the
performance of the aluminum supply chain and the trend of consumption of this metal?

4- How are the relationships between the effective factors in the aluminum supply chain defined,
and what is their direction of influence and impact on each other?

Methodology

The present study was conducted with a mixed approach (qualitative-quantitative). In this study,
a qualitative approach was used in the conceptual model design phase, and a quantitative
approach was used in the model explanation phase. Therefore, this study is considered an
inductive study with an exploratory-applied nature, because its goal is to present a new model in
the field of the aluminum industry supply chain. To model the uncertainty in the key parameters
of the supply chain, distribution functions appropriate to the nature of each variable were used.
The selection of triangular, Poisson, and uniform distributions was based on the empirical
behavior of the data, expert advice, and modeling conventions in the literature. This
combination of distribution functions made the model more realistic and enabled a more
accurate analysis of the system's behavior under conditions of uncertainty. The statistical
population of this study was 24 supply chain officials from 4 primary aluminum-producing
companies. Therefore, the following two approaches were used to advance the research.

1- Modeling Steps

Step 1: Study and review the theoretical foundations of the research.
Step 2: Interview with industry experts

Step 3: Selection of agents

Step 4: Collecting standard data and understanding computational rules.
Step 5: Conceptual validation of the model by interviewing experts
Step 6: Model implementation

Step 7: Final model report

Step 8: Practical proposal

2- Conceptual model

In the modeling carried out, all factors were considered. Among the eight factors (suppliers,
ships, port silos, road transport, rail transport, factory silos, customers, and competitors), four
factors were identified as supply chain bottlenecks using the fuzzy screening method, and their
analysis through simulation was of particular importance. These four factors are more effective
than other factors. The amount of storage in (1- port silos and 2- factory silos), as well as the
choice of the type of transportation (1- rail and 2- road or a combination of both), are the basis
of the scenarios developed in the research. Determining how much alumina powder should be
sent to the factory from which warehouse and by which vehicle is the key point of the
simulation in this article.
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Results and Discussion

Expected Achievements and Results

The results of this research, focusing on the country's primary aluminum industry, especially in
smelter industries, can be used at various decision-making levels. In addition to improving
academic analyses, these results are also directly applicable to optimizing the logistics,
production, and raw material supply performance of aluminum companies.

The modeling of the Iranian aluminum production supply chain is defined and can be simulated
at four levels. These levels have been examined in the following scenarios.

Scenarios

Scenario 1: Supply chain sustainability due to alumina powder supply fluctuations

e The effect of reducing ship travel time on supply chain performance

¢ A 50% reduction in the time between ship departures from the port

o A 25% reduction in the time between ship departures from the port

e In the first scenario, a 25% reduction in the time between ship departures to the port led to a
reduction in the unloading queue at the port and improved the inventory balance of the factory
silos, but with a 50% reduction in the time, the port silos could not store and the ships stopped,
leading to demurrage payments, and the order is not economically meaningful in this way.

e The effect of increasing ship travel time on supply chain performance

o A 25% increase in the time between ship departures from the port

® A 50% increase in the time between ship departures from the port

e Any percentage delay in the ship's arrival at the port dock will cause a crisis with the current
conditions of storage facilities and the needs of production lines.

Scenario 2: Assessing Supply Chain Stability with Road Transport Fluctuations

eThe Impact of a 25% Reduction in the Supply of Road Transport Vehicles on Factory
Production

e The Impact of a 50% Reduction in the Supply of Road Transport Vehicles on Factory Supply
Chain

e Sensitivity Analysis of Supply Chain Stability in Road Transport Fluctuations

e Sensitivity Analysis of Supply Chain Stability and Economic Assessment of Alumina Powder
Transportation Methods

¢ Supply Chain Stability in the Case of Alumina Powder Transportation by Road Transport

¢ Supply Chain Stability in the Case of Alumina Powder Transportation by Rail Transport

v" In the second scenario, a 25% fluctuation in road fleet supply caused a production decrease of

693 tons, which was compensated by an increase in rail traffic; but in a 50% fluctuation,

production decreased by 897 tons, and an acceptable tolerance limit for the sustainable operation

of the chain was identified. The combined transportation method (rail-road) with 150 wagons

was the most optimal method for transporting alumina powder from the port to the factory,

which was associated with a saving of 100 billion tomans in 1402 compared to the road-only

method (annual cost reduction from 293.7 to 193 billion tomans).

Scenario Three: Investigating the Possibility of Increasing Production Capacity with the Current

Logistics and Supply System

v" In the third scenario, a 10% increase in the availability factor of recovery equipment led to an

increase in production by 19,470 tons.
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Fourth scenario: Investigating the possibility of increasing market share based on demand
forecasts in the next three years.

v' In the fourth scenario (demand growth), only by increasing the capacity of reduction, casting,
changing the timing of alumina supply, and improving the supply chain was it able to meet the
projected demand growth over the next three years.

Conclusion

Based on the outputs obtained from the hybrid simulation model, it was determined that the
current conditions and capacity of the Iranian Aluminum Company’s supply chain are not able
to fully meet the country’s aluminum ingot market demand in the next three years. In this
situation, the number of backlog orders will increase and will reach about 100,000 tons. This
shows that in order to effectively respond to demand, it is necessary to increase the factory’s
production rate.

In the third scenario, the improvement and modernization coefficient of the equipment of the
recovery workshops is increased by 10%. This improvement can be achieved by relying on
improving maintenance and repair processes, timely supply of spare parts, and equipping the
workshop with new cranes. The simulation results show that this change will lead to an increase
in the company’s market share from 27% to 29% in aluminum ingot production.

However, the output of the simulation model shows that the supply chain performance in the
third year (the end of the three-year period) is not sufficient to fully respond to demand.
Therefore, simply increasing the availability rate of recovery equipment is not enough, and there
is a need to make fundamental changes in ordering, storage, logistics, and production processes.

Sensitivity analysis

To determine the quantities needed to fully meet market demand over the next three years, a
sensitivity analysis was conducted using a hybrid simulation model. In this analysis, the impact
of various variables, including the utilization of production and logistics resources, the level of
alumina powder in port and factory silos, and the amount of backlogged and pending orders, on
supply chain performance was examined. The results of the hybrid simulation model, together
with the values obtained from the sensitivity analysis, indicate that Iralco's supply chain has the
ability to effectively respond to increased demand over the next three years.
Current and improved status

Title Current status (ton) Improved value (tons)
Alumina Powder Order 360000 400000
Distance Between Ship ’5 20

Movements
New Hall Capacity 110000 122000
Old Hall Capacity 70000 77000
Casting Hall Capacity 180000 200000

Since the main goal of simulation modeling is to recreate the real system behavior, it is essential
to validate the developed hybrid simulation model for the aluminum supply chain. For this
purpose, key performance indicators in the real system are compared with the corresponding
outputs in the simulation model. The basis for model acceptance is the existence of a difference
of less than 5% between the model results and the real data.
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If this difference is within the permissible range, the model validity can be confirmed. To
increase the accuracy and reduce the influence of random numbers, the simulation model is run
with 30 different random initial values , and the average of the results is used for the final
analysis. The results of the comparison between the simulation model output and the real data
are presented in the table below.

Actual production and sales volume compared to their simulated volume in 1402

Title Real Simulation Disagreement
production(ton) model(ton)

Iralco Production 156612 158615 %1/28
Al-Mahdi Production 146951 147817 %0/59
Salco Production 268727 269873 %0/43
Jajarm production 35960 36323 %1/01
Iralco Sales 154262 154562 %0/19
Al-Mahdi Sales 148451 145014 %?2/3
Salco sales 260665 265207 %1/7
Jajarm sale 35240 35573 %0/9

As can be deduced from the data in the table above, there is a very small difference between the
actual production and the forecasted amount until reaching the 600,000 tons of primary
aluminum, and there seems to be an acceptable agreement between them. The figure below
shows the output from the system dynamics section of the AnyLogic software based on actual
and forecasted data for all aluminum production plants in the country. This chart shows the
production trend from 1991 to 2023, the actual data of which are adjusted based on statistics
published by the Tehran Commodity Exchange. Comparing these results with the outputs of the
factor-based section presented in the table above shows the favorable agreement between the
two sections and confirms their validity. In the figure below, the lighter line represents the actual
production trend of aluminum companies in Iran. The bolder line represents the production
forecasted by the "System Dynamics" section of the model. As can be seen, the match between
the two lines is very close, and their difference is negligible; this confirms the validity of the
combined simulation model.
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