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One of the persistent challenges in industry is achieving a balance between
uninterrupted production and minimizing inventory-holding costs—an
objective that traditional inventory management methods often fail to meet
due to their weaknesses in forecasting irregular demand and overlooking
operational constraints. In this study, we attempt to provide an integrated
solution to this problem by combining accurate demand forecasting with
mathematical modeling. A key strength of the proposed model is its
flexibility in selecting the procurement method; that is, the system can
choose the optimal option between regular purchasing and emergency
purchasing based on prevailing conditions. In designing the model, real-
world constraints—such as budget limits (for both critical and non-critical
items) and warehouse capacity—are precisely incorporated, and the safety
stock level dynamically adjusts according to demand fluctuations. The
results obtained from implementing the model on data from 60 items
indicate that moving away from one-dimensional policies and adopting a
hybrid strategy leads to cost reduction and improved system stability, even

under financial and space limitations.
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1. Introduction

Effective spare parts management is a cornerstone of
operational efficiency in capital-intensive industries
where equipment availability is critical. The primary
challenge lies in balancing two conflicting objectives,
which are ensuring high machine availability to
prevent costly downtime and minimizing inventory
holding costs to avoid capital stagnation. Traditional
inventory models, such as Economic Order Quantity
(EOQ), often fail in this domain because they assume
constant demand and ignore the irregular,
intermittent consumption patterns typical of spare
parts (Tapia-Ubeda et al., 2020). Furthermore, these
classical models rarely account for real-world
constraints such as strict warehouse capacity limits
and budgetary ceilings (Zhang et al., 2021).

Recent advancements have seen a shift toward using
Machine Learning (ML) for more accurate demand
prediction in dynamic environments. However,
superior forecasting alone is insufficient and must be
integrated with robust inventory control policies.
While some studies have explored dual sourcing
using normal versus emergency supply channels, few
have simultaneously addressed the complex
interplay of dual lead times, dynamic safety stocks,
and differentiated budget constraints for critical
versus non-critical items (Mouschoutzi & Ponis,
2022). This study bridges this gap by proposing an
integrated framework. It combines ML-based
forecasting with a  Mixed-Integer  Linear
Programming (MILP) model. The objective is to
minimize total system costs while adhering to
practical constraints, offering a flexible strategy that
switches between normal and emergency ordering
based on economic and operational needs.

2. Methodology

The proposed framework operates in two sequential
phases consisting of demand forecasting and
mathematical optimization.

The study utilized historical monthly demand data
for 60 spare parts from a heavy machinery company,
covering the period from January 2019 to July 2025.
The dataset was split into training and testing sets.
Four forecasting algorithms were evaluated,
including Seasonal Auto-Regressive Integrated
Moving Average (SARIMA), ARIMA, Simple
Exponential Smoothing (SES), and Long Short-Term
Memory (LSTM) networks. A grid search approach
was employed to optimize model parameters based
on the Akaike Information Criterion (AIC). The
prediction error (Mean Squared Error) from the best-
performing model was used to calculate the dynamic
safety stock for the optimization phase. This
approach aligns with recent trends in using hybrid
ML models to handle non-linear patterns in spare
parts demand (Zhu et al., 2023).

The predicted demand serves as a deterministic
input for the optimization model. The problem is
formulated as a MILP model with the objective of

minimizing total costs, including holding, normal
ordering, emergency purchasing, shortage penalties,
and setup costs. The model incorporates several
distinct features. First, it employs a dual sourcing
strategy where the system can choose between a
"Normal" mode with lower costs but longer lead
times and an "Emergency" mode with higher costs
but shorter lead times, a concept similar to models
managing supply disruptions (Ameri et al., 2021).
Second, items are categorized as critical or non-
critical. Critical items have a flexible budget
constraint allowing a deviation to prevent
downtime, while non-critical items face a hard
budget cap. Finally, the model enforces inventory
balance, strictly observes total warehouse capacity,
and calculates safety stock based on the standard
lead time to buffer against volatility (Teixeira et al.,
2024).

3. Results and Discussion
3.1. Forecasting Performance

The comparative analysis revealed that the SARIMA
model significantly outperformed other algorithms.
It achieved the lowest Mean Absolute Percentage
Error (MAPE) of 0.06, compared to 0.13 for ARIMA
and 0.26 for LSTM. The LSTM model
underperformed due to the relatively small size of
the dataset, which is a common limitation for deep
learning models in spare parts contexts compared to
parametric models like SARIMA (Hyndman &
Athanasopoulos, 2018). Consequently, SARIMA
outputs were selected to feed the optimization
model.

3.2. Optimization Outcomes

The integrated model was solved using the CBC
solver. A comparison against a baseline single-
sourcing policy relying only on normal delivery
demonstrated a 19.3% reduction in total costs. The
model effectively utilized the dual-sourcing strategy
by prioritizing normal orders for base demand to
minimize costs while strategically switching to
emergency orders when inventory levels approached
the safety stock threshold or when warehouse space
was tight.

3.3. Sensitivity Analysis

The sensitivity analysis revealed complex
relationships between parameters and costs.
Regarding service level, the relationship between
service level and cost was found to be non-linear.
The optimal cost balance was identified at a 95%
service level. Increasing the target to 99.9% caused a
sharp rise in costs due to excessive safety stock
requirements without proportional operational
benefits. In terms of warehouse capacity, the analysis
challenged the paradigm that more space is always
better. The lowest total cost was achieved at a
constrained capacity of 275,000 units, which forced
the system into a "Just-In-Time" behavior.
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Intermediate capacities paradoxically increased
costs by encouraging bulk orders that could not be
efficiently sustained. Finally, concerning shortage
penalties, a critical threshold was identified. When
penalties were lower than procurement costs, the
model rationally chose to incur shortages. Penalties
around 500 monetary units established an
equilibrium where the model ensured supply
without overspending on precautions.

4. Conclusions

This research demonstrates that integrating machine
learning with mathematical optimization provides a
robust solution for the complex problem of spare
parts inventory management. By moving away from
static, single-dimensional policies, the proposed
model allows for dynamic decision-making that
adapts to financial and physical constraints. The
study highlights two major managerial implications.
First, the flexibility of dual sourcing acts as a
strategic buffer, allowing companies to reduce
standing inventory while maintaining service levels.
Second, blindly increasing service level targets or
warehouse space can be economically detrimental as
there are optimal points where efficiency is
maximized. Future research should extend this
model by incorporating stochastic lead times and
exploring multi-echelon network structures to
further enhance supply chain resilience.
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Table 3. Example of grid search results for the seasonal ARIMA model in forecasting demand for item 1
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Table 5. Values of model input parameters in small dimensions
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Table 5 continued.
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Table 6. Forecasted demand for items
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Table 7. Complete results of solving the model at a small scale
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Figure 1. Model values in the small-scale case for the first period.
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Figure 2. Model values in the small-scale case for the third period.
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Table 8. Values of some model parameters
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Table 9. Some model results
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