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In confronting the complex challenges of the biopharmaceutical industry, such as
demand fluctuations, sensitive biological processes, stringent quality
requirements, and sustainability objectives, the development of intelligent data-
driven models for production planning is deemed essential. The present study
introduces a comprehensive hybrid model aimed at simultaneously optimizing
economic profitability and environmental sustainability. To this end,
pharmaceutical demand was forecasted using Long Short-Term Memory (LSTM)
neural networks—a model capable of learning intricate temporal dependencies.
The predictive accuracy of the model was evaluated for 9 selected drugs across
three demand scenarios (low, medium, high), with results demonstrating high
alignment with actual values and robust performance stability. Subsequently, a
multi-objective mixed-integer linear programming (MILP) model incorporating
conflicting economic-environmental objectives was designed and solved utilizing
Genetic Algorithm (GA) and the &-Constraint method. The proposed model was
validated using real data from Iranian pharmaceutical companies, and the
findings underscore the superior capability of the suggested approach in
achieving a balance between profit and pollution, resource management, and
optimal decision-making under uncertainty conditions.
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1. Introduction

The biopharmaceutical industry is facing increasing
complexity due to demand fluctuations, biologically
sensitive production processes, and environmental
sustainability =~ requirements  (Walsh,  2018;
Papageorgiou, 2009). Traditional single-objective or
deterministic production planning models are no
longer sufficient to address these challenges. In
response, data-driven and intelligent production
planning frameworks are emerging as promising
solutions for integrating predictive analytics with
multi-objective decision-making (Lee et al., 2013;
Dong et al., 2023). This study presents an integrated
mathematical framework for data-driven production
planning in the biopharmaceutical sector that
combines LSTM-based demand forecasting, Genetic
Algorithm (GA) optimization, and the &-Constraint
method. The model aims to maximize economic
profit while minimizing environmental pollution,
balancing sustainability with operational efficiency.
Using real data from Iranian biopharmaceutical
companies, the model captures the dynamic nature
of biologics production and evaluates multiple
demand scenarios.

2. Methodology

This research follows an applied—developmental
quantitative  approach, combining advanced
machine learning and multi-objective optimization
techniques. The study used real operational datasets
collected from ERP and HSE systems of Iranian
biopharma manufacturers over a 36-month period
(2020-2023). Data included production capacity,
drug demand, energy consumption, costs, and
environmental indicators.

2-1. LSTM-based Demand Forecasting

The Long Short-Term Memory (LSTM) neural
network was employed to forecast monthly drug
demand across nine biologic products under three
demand scenarios (low, medium, high). Each model
was trained using 12-month input windows and
optimized through the Adam algorithm with 100
epochs. Evaluation metrics included MAE and RMSE,
confirming high temporal stability and forecasting
accuracy (Hochreiter & Schmidhuber, 1997; Karim et
al.,, 2018).

2-2. Multi-Objective MILP Model

A multi-product, multi-period Mixed Integer Linear
Programming (MILP) model was formulated to
address conflicting objectives:
e Economic objective: maximize expected
profit.
e Environmental objective: minimize total
emissions and waste.

2-3. Optimization via GA and £-Constraint

The Genetic Algorithm was used to search for near-
optimal solutions by encoding decision variables as

chromosomes, applying crossover (0.8) and
mutation (0.05) rates over 100 generations (Holland,
1975; Deb et al., 2001). The e-Constraint method was
subsequently applied to generate the Pareto frontier,
allowing decision-makers to visualize trade-offs
between profitability and sustainability (Mavrotas,
2009; Ehrgott, 2005).

3. Results and Discussion

The LSTM model achieved strong predictive
performance with MAE = 1012.49 and RMSE =
1945.87 on aggregated data. Across individual
products, the model reproduced average demand
trends with errors below 5%, showing consistent
accuracy even under volatile demand patterns. For
instance, Rituximab and Trastuzumab forecasts
under high-demand scenarios exhibited RMSE
values below 130, demonstrating effective learning of
long-term temporal dependencies. The MILP model
was solved using GA combined with €-Constraint
analysis. The resulting Pareto front illustrated a clear
trade-off between economic and environmental
goals. The optimal solutions revealed that:
e A 10-12% increase in profit could be
achieved with only 3—5% higher emissions.
e Under strict sustainability constraints,

emissions were reduced by up to 22% with a

moderate 5% loss in profit.
Scenario-based simulations demonstrated that the
model remains robust under varying market and
environmental  conditions. In  high-demand
scenarios, the system prioritized capacity allocation
and material usage efficiency, whereas in low-
demand periods, it minimized inventory and waste
generation. These adaptive behaviors highlight the
value of integrating predictive analytics with
optimization algorithms for dynamic biopharma
operations.

4. Conclusions

This study developed a hybrid data-driven
production planning model for the
biopharmaceutical industry, integrating LSTM
demand forecasting, multi-objective MILP modeling,
and GA-¢-Constraint optimization. The results
emphasize three major contributions:

e Intelligent forecasting integration: LSTM
networks effectively captured nonlinear
temporal dependencies in drug demand.

e  Sustainability-oriented optimization: The
multi-objective  framework successfully
balanced profit and environmental
performance.

e  Practical applicability: The model, validated
with real Iranian biopharma data,
demonstrates scalability for decision
support in uncertain production
environments.

Overall, the proposed hybrid framework contributes
to the advancement of sustainable, data-driven

A o)l.o.»i'a lid 0,90 N+ Julé)gcmgwsww



A

Salimi-Zaviyeh et al.

decision-making in biopharmaceutical production,
supporting both operational efficiency and
environmental responsibility.
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Table 8. Mathematical model indices
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Table 9. Economic parameters of the model
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Table 10. Technical and environmental parameters
of the mathematical model
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Figure 5. Comparison chart of actual and predicted
demand using LSTM.
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Table 13. Summary of LSTM model performance for Rituximab in three scenarios: low, medium, and high
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Table 14. Summary of LSTM model performance for Trastuzumab in three scenarios: low, medium, and high
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Table 15. Summary of LSTM model performance for Bevacizumab in three scenarios: low, medium, and high
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Table 16. Summary of LSTM model performance for COVID-19 Vaccine in three scenarios: low, medium, and high
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Table 17. Summary of LSTM model performance for Hepatitis B Vaccine in three scenarios: low, medium, and
high
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Table 18. Summary of LSTM model performance for HPV Vaccine in three scenarios: low, medium, and high
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Table 19. Summary of LSTM model performance for Erythropoietin in three scenarios: low, medium, and high
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Table 20. Summary of LSTM model performance for Insulin in three scenarios: low, medium, and high
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Table 21. Summary of LSTM model performance for Growth Hormone in three scenarios: low, medium, and high
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Figure 6. Genetic algorithm convergence graph.
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Figure 7. Comparison of benefits and environmental pollution for each drug in the above scenario.
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Figure 15. Pareto diagram for the low demand state for

Bevacizumab.
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Figure 16. Pareto diagram for the medium demand
state for Bevacizumab

<10% Pareto Front - Bevacizumab / High

Total Profit

500 1000 1500 2000 2500 3000
Total Pollution

Slp YU slola el a5 by o o5,L Jloges Y S
Bevacizumab (gg,l>

Figure 17. Pareto diagram for the high demand state
for Bevacizumab
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Figure 12. Pareto diagram for the low demand state for

Trastuzumab.
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Figure 13. Pareto diagram for the medium demand
state for Trastuzumab.
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Figure 14. Pareto diagram for the high demand state
for Trastuzumab.
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Figure 21. Pareto diagram for the low demand state for
Hepatitis B vaccine.
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Figure 22. Pareto diagram for the medium demand
state for Hepatitis B vaccine
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Figure 23. Pareto diagram for the high demand state
for Hepatitis B vaccine.
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Figure 18. Pareto diagram for the low demand state for
COVID-19 vaccine.
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Figure 19. Pareto diagram for the medium demand
state for COVID-19 vaccine.
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Figure 20. Pareto diagram for the high demand state
for COVID-19 vaccine.
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Figure 27. Pareto diagram for the low demand state for
Erythropoietin.
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Figure 28. Pareto diagram for the medium demand
state for Erythropoietin.
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Figure 29. Pareto diagram for the high demand state
for Erythropoietin.
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Figure 24. Pareto diagram for the low demand state
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Figure 25. Pareto diagram for the medium demand
state for HPV vaccine.
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Figure 26. Pareto diagram for the high demand state
for HPV vaccine.
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Figure 33. Pareto diagram for the low demand state for
Growth Hormone.
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Figure 34. Pareto diagram for the medium demand
state for Growth Hormone.
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Figure 35. Pareto diagram for the high demand state
for Growth Hormone.
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Figure 30. Pareto diagram for the low demand state
for Insulin.
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Figure 31. Pareto diagram for the medium demand
state for Insulin.
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Figure 32. Pareto diagram for the high demand state
for Insulin.
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Table 27. Suggestions for industrial development
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