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CrossMark

The biopharmaceutical industry, as one of the most advanced sectors of the modern
pharmaceutical field, faces multiple challenges such as demand fluctuations, resource
constraints, complex manufacturing processes, and environmental requirements. In
this context, data-driven and intelligence-based approaches can play a key role in
improving decision-making accuracy, sustainability, and profitability. This study aims
to develop a comprehensive framework for sustainable production planning by
integrating demand forecasting with multi-objective mathematical modeling. In the
first step, real data for nine selected drugs were collected over a 36-month period and
used to forecast demand patterns through Avrtificial Neural Networks (ANN) and Long
Short-Term Memory (LSTM) networks. The results showed that the ANN model, with
a Root Mean Square Error (RMSE) of 868, was able to reconstruct demand trends with
moderate accuracy, while the LSTM model estimated average demand with an error of
less than 1% at the drug—scenario level. In the second step, a multi-product and multi-
objective mathematical model was designed to simultaneously address economic goals
(profit maximization and cost reduction) and environmental goals (pollution and waste
minimization). To solve the model, Genetic Algorithms (GA) and Particle Swarm
Optimization (PSO) were applied in combination with the epsilon-constraint method
to extract the Pareto front. The findings revealed that GA had relative superiority in
faster convergence, whereas PSO performed better in broad exploration of the solution
space. Moreover, multivariate sensitivity analysis indicated that production capacity,
raw material cost, and emission rates have the greatest impact on the results. By
bridging the gap between demand forecasting and production optimization, this
research provides a practical framework for intelligent decision-making in Iran’s
biopharmaceutical industry and can contribute to supply chain resilience, cost
reduction, and achieving sustainable development goals.

Keywords: data-driven production planning, biopharmaceutical industry, multi-
objective model, artificial neural network (ANN), Long Short-Term Memory (LSTM),
Genetic Algorithm (GA), Particle Swarm Optimization (PSO).
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Extended Abstract
Introduction

The biopharmaceutical industry is one of the most complex and innovation-driven sectors in the
global healthcare ecosystem, playing a pivotal role in advanced therapies and the treatment of rare
diseases. Its growth trajectory is significant, with market value expected to exceed 600 billion USD by
2030 (Grand View Research, 2023). Yet, the industry faces persistent challenges, including high
production complexity, demand fluctuations, stringent quality regulations, and increasing environmental
sustainability requirements (Shah, 2020). Traditional production planning models often fail to account for
the dynamic and uncertain nature of both demand and operational constraints, leaving decision-makers
without robust tools for integrated economic and environmental optimization.

In this context, data-driven and machine learning—enabled approaches have emerged as
transformative solutions. Advanced predictive models, especially deep learning architectures such as
Artificial Neural Networks (ANN) and Long Short-Term Memory (LSTM) networks, have shown
considerable promise in capturing nonlinear and time-dependent demand patterns (Ma et al., 2020).
Combining these models with multi-objective mathematical optimization frameworks can enable more
resilient, sustainable, and profitable production planning strategies (Janatyan et al., 2019). The shift from
purely deterministic or single-objective models toward integrated frameworks is further driven by global
calls for sustainable manufacturing and responsible supply chain management (Zhang et al., 2022).

Another imperative stems from the increasing vulnerability of pharmaceutical supply chains to
global crises, such as pandemics and logistical disruptions. These crises have highlighted the critical need
for robust forecasting and adaptive production systems capable of balancing profitability and
sustainability while meeting unpredictable patient demands (Hu et al., 2024; Luo et al., 2025). Despite
these recognized needs, few studies have integrated high-precision demand forecasting with multi-
objective optimization in a single coherent model tailored for biopharmaceuticals. Many existing works
either focus on demand prediction alone or on optimization without accurately representing market
volatility (Brownlee, 2018; Lee et al., 2022). This fragmentation has created a research gap that limits the
industry’s ability to respond proactively to uncertainty and environmental pressures.

The present study addresses this gap by proposing a novel data-driven framework that unifies
machine learning—based demand forecasting with multi-objective, multi-product production planning.
This approach simultaneously considers economic goals (profit maximization and cost reduction) and
environmental goals (waste and emission reduction), aligning with sustainability standards while
improving operational resilience. By applying advanced forecasting methods such as ANN and LSTM to
real production and market data, and linking these outputs directly to a multi-objective mathematical
model solved through evolutionary algorithms, the research establishes a practical, intelligent decision-
support system specifically adapted to the Iranian biopharmaceutical context.

Methods and Materials

This research employed an applied guantitative design with a development-oriented approach to
solve a real-world production planning challenge in the biopharmaceutical sector. Historical data covering
a 36-month period for nine selected biopharmaceutical products were collected from enterprise resource
planning (ERP) systems, environmental and health, safety, and environment (HSE) records, and
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production control units. These data included demand volumes, production capacity, raw material
consumption, energy use, environmental emissions, and associated costs.

Data preprocessing involved normalization and transformation to prepare inputs for machine
learning models. Two deep learning architectures were implemented: a Multilayer Perceptron (MLP)-
based ANN and an LSTM network. Each model was trained to forecast monthly drug demand using 70%
of the dataset for training and 30% for testing, with hyperparameter tuning to optimize performance and
avoid overfitting.

Forecasted demand scenarios—Ilow, medium, and high—were then integrated into a multi-
product, multi-objective mathematical programming model. The model included decision variables for
production allocation, inventory, shortages, and environmental cost control, with two simultaneous
objective functions: maximizing expected profit and minimizing environmental impact (waste and
pollution).

The optimization problem was solved using two population-based metaheuristic algorithms:
Genetic Algorithm (GA) and Particle Swarm Optimization (PSO). Both were combined with the epsilon-
constraint method to generate a Pareto front of trade-off solutions. Model validation was conducted using
Monte Carlo simulation and sensitivity analysis to test the robustness of outcomes under demand and
parameter uncertainty.

Findings

The ANN model demonstrated satisfactory performance in capturing demand trends, achieving a
Root Mean Square Error (RMSE) of approximately 868 and a Mean Absolute Error (MAE) of 435. These
results indicated that the ANN could reliably reconstruct the medium-term demand structure across the
studied drugs, although some local deviations were observed in highly volatile segments. The LSTM
network, designed to handle temporal dependencies more effectively, achieved superior accuracy,
estimating average demand with less than 1% error at the drug-scenario level.

A deeper scenario-specific analysis revealed that the LSTM’s predictive precision improved as
demand levels increased, suggesting the model adapted well to richer data signals in higher-volume
settings. Across the nine drugs and three demand scenarios, 27 independent LSTM models were trained
and tested. The aggregated error metrics consistently demonstrated strong forecasting capability, with
near-perfect alignment between predicted and actual average demand values and stable performance
across low, medium, and high demand scenarios.

Once integrated into the optimization framework, the demand forecasts informed a robust
production planning strategy. The GA achieved faster convergence, optimizing the combined economic
and environmental objective in fewer iterations and providing solutions that balanced profitability and
sustainability effectively. Meanwhile, the PSO algorithm excelled in exploring the broader solution space,
identifying alternative near-optimal strategies and increasing the diversity of Pareto-optimal solutions.

Sensitivity analysis highlighted that production capacity, raw material cost, and emission rates
were the most influential parameters affecting optimization results. Variations in these factors had
measurable impacts on the trade-offs between cost, profit, and environmental outcomes. The combined
modeling approach demonstrated its ability to adaptively adjust production allocations and inventory
strategies in response to fluctuating demand while minimizing environmental penalties and avoiding
resource bottlenecks.



Discussion and Conclusion

The integration of advanced machine learning forecasting with multi-objective optimization
addresses critical limitations of traditional production planning models in the biopharmaceutical industry.
By leveraging LSTM’s temporal modeling capabilities and ANN’s nonlinear pattern recognition, the
proposed framework enhances the reliability of demand predictions—an essential input for cost-efficient
and sustainable manufacturing decisions. The strong predictive accuracy, even under fluctuating demand
conditions, suggests that data-driven approaches can significantly reduce the risk of underproduction or
overproduction and associated supply chain disruptions.

The multi-objective optimization model further provides a decision-making tool that balances
profitability and sustainability imperatives, a dual requirement increasingly emphasized by global
regulators and market forces. The use of GA and PSO algorithms allowed both exploitation of high-quality
solutions and exploration of a diverse set of strategies, giving decision-makers flexibility in aligning with
specific organizational goals, whether environmental compliance, profit maximization, or resilience under
uncertainty.

Beyond technical performance, the practical significance of this study lies in its contextual
adaptation to Iran’s biopharmaceutical industry, where production complexity, regulatory constraints, and
resource limitations converge with a growing demand for advanced therapies. By bridging predictive
analytics and optimization in a single integrated workflow, the framework offers a scalable blueprint for
digital transformation in pharmaceutical manufacturing.

Moreover, the methodology’s adaptability makes it relevant beyond the studied context. Industries
facing similar demand volatility and sustainability challenges—such as vaccines, biologics, or even
broader advanced manufacturing—can adopt and tailor the approach. Future enhancements might
incorporate richer epidemiological and market behavior data to refine demand signals, as well as more
granular life-cycle assessment metrics to deepen sustainability evaluation.

Overall, this research demonstrates that combining data-driven demand forecasting with multi-
objective production optimization can empower biopharmaceutical manufacturers to meet dynamic
market needs responsibly and profitably. By reducing waste, optimizing resource use, and improving
forecast reliability, the proposed approach contributes to a smarter, more sustainable, and more resilient
pharmaceutical supply chain.
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