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Data-driven production planning, by leveraging modern technologies such as artificial
intelligence, machine learning, and big data analytics, enables the optimization of
production processes, improved demand forecasting, and effective resource
management. In the biopharmaceutical industry, which faces considerable
uncertainties such as market fluctuations, supply chain complexity, and qualitative
changes in production, the adoption of data-driven approaches can create a significant
competitive advantage. Recent studies have shown that many companies encounter
major challenges in adopting data-driven technologies and planning for data-driven
production. Much of these difficulties are related to the characteristics of the
production planning environment; therefore, understanding these characteristics is
essential for identifying the needs and opportunities of data-driven production
planning. Accordingly, the primary objective of this article is to propose an
optimization model for data-driven production planning based on the characteristics of
the production planning environment in the biopharmaceutical industry. In the present
research, a case study (descriptive—mathematical) was conducted in the pharmaceutical
industry. Data were collected through observations and visits to production sites,
workshops, meetings, and formal interviews with production managers and planners,
supply and technology managers, innovation managers, and production line engineers.
The problem data were analyzed using CPLEX GAMS 24.4 software and a genetic
algorithm implemented in Matlab R2022b. Ultimately, a conceptual, data-driven, and
intelligent model (instead of the traditional model) of production planning based on
production flexibility, intelligent systems, and expert systems is presented.

Keywords: Data-driven production planning, mathematical optimization, genetic
algorithm, biopharmaceutical industry
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Extended Abstract

Introduction

The rapid transformation of global manufacturing systems has emphasized the necessity for data-
driven approaches in production planning and scheduling, particularly within high-risk and innovation-
intensive industries such as biopharmaceuticals. Traditional models of production planning, which were
once sufficient for relatively stable and predictable environments, have now become inadequate in coping
with today’s volatile market demands, stringent regulatory frameworks, and increasingly complex supply
chains (Lee et al., 2021). Data-driven production planning has thus emerged as a strategic imperative,
enabling organizations to harness the power of artificial intelligence, machine learning, and big data
analytics to optimize production processes, minimize delays, and enhance traceability in highly sensitive
manufacturing domains (Javaid & Ullah, 2025; Su et al., 2025).

A critical advantage of data-driven production planning lies in its ability to account for multiple
demand features and uncertainties simultaneously. Unlike static optimization methods, advanced data-
driven models integrate real-time information flows and predictive analytics to strengthen decision-
making (Luo et al., 2025). The literature highlights that incorporating reinforcement learning and recurrent
neural networks, such as LSTM-Q models, can significantly enhance hierarchical production planning by
improving both demand forecasts and scheduling efficiency (Gomez-Gasquet et al., 2024). This is especially
relevant to biopharmaceutical industries, where batch processes, quality variability, and market
fluctuations introduce high degrees of uncertainty (Sharma et al., 2021).

The pharmaceutical sector has consistently sought innovative solutions to balance the competing
goals of reducing costs, improving flexibility, and maintaining the highest levels of quality. Data-driven
multi-objective optimization frameworks provide one of the most effective ways to achieve this balance
(Lee et al., 2022; Mansouri Mosalou et al., 2024). The potential for data-driven approaches extends beyond
operational efficiency; they also contribute to strategic resilience by equipping firms to withstand
disruptions and adapt quickly to changes in supply and demand dynamics (Saldanha-da-Gama & Wang,
2024).

Prior studies have demonstrated that machine learning methods can revolutionize smart production
logistics by enabling adaptive, predictive, and prescriptive decision-making across the supply chain
(Garcia et al., 2024). Applications in biopharmaceutical process development confirm that the adoption of
machine learning for predictive modeling not only improves performance but also reduces risk in complex,
high-cost processes (Khuat et al., 2023; Panjwani et al., 2024). These findings suggest that the integration of
predictive and optimization frameworks into production systems creates substantial competitive
advantages for firms operating in uncertain and data-intensive environments.

Scholars also underline that smart production management systems are essential for enhancing
industrial sustainability, particularly under the paradigm of Industry 4.0 (Tripathi et al., 2022). Smart
production planning and control models provide robust pathways to integrate sustainability into everyday
operations, fostering resilience and environmental responsibility (Bueno et al., 2022; Bueno et al., 2020). The
growing literature further indicates that these systems are increasingly applied not only in pharmaceuticals
but also in semiconductors and other knowledge-based sectors, demonstrating their cross-industry
relevance (Vélker & Monch, 2023; Wang et al., 2020).

The challenges facing biopharmaceutical production highlight the urgency of adopting advanced
planning methods. The production of biologics requires precise handling of living cells, intensive
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monitoring, and strict adherence to regulatory standards, making production planning highly sensitive to
variability (Thakur et al., 2020). Studies emphasize that optimizing these processes through data-driven
techniques can help firms overcome significant barriers related to efficiency and compliance (Gupta et al.,
2020; Zhang et al., 2020). Additionally, data-driven approaches facilitate better alignment between strategic
decisions and operational execution, creating synergy between corporate objectives and day-to-day
manufacturing (Chien & Chen, 2022; Pascal et al., 2023).

Against this backdrop, the present study aims to develop and test a mathematical optimization
model for data-driven production planning tailored to the biopharmaceutical industry. Unlike conventional
models, this approach emphasizes environmental characteristics of production planning, incorporating
uncertainty, variability, and the need for traceability. The contribution of this research lies in proposing a
flexible, intelligent framework that integrates genetic algorithms and advanced optimization tools to
address the inherent complexities of biopharmaceutical manufacturing.

Methods and Materials

This study employed a descriptive-mathematical case study approach within the
biopharmaceutical industry. Data were collected through direct observations, site visits to production
facilities, workshops, structured meetings, and formal interviews with production managers, planners,
supply and technology managers, innovation managers, and production line engineers. The analysis of
production planning data utilized CPLEX GAMS 24.4 for mathematical optimization, complemented by
a genetic algorithm implemented in Matlab R2022b.

The proposed model was tested on actual production environments, focusing on the ability to
reduce delays, enhance traceability, and improve production flexibility under uncertain market conditions.
The conceptual framework was designed as a shift from traditional static models to a dynamic, intelligent,
and data-driven production planning system.

Findings

The results of the study indicated that the proposed data-driven optimization model significantly
improved production planning outcomes compared to traditional methods. Specifically, the model
demonstrated a measurable reduction in production delays, enabling smoother workflow continuity across
different stages of manufacturing.

Traceability of products was also enhanced, with the model providing accurate monitoring across
the entire supply chain. This improvement was particularly critical for biopharmaceutical firms, where
compliance with regulatory standards requires detailed tracking of product batches and quality indicators.

Additionally, the model proved highly effective in balancing competing objectives such as
minimizing costs, improving flexibility, and maintaining product quality. This was achieved by
embedding multi-objective optimization functions within the data-driven framework.

The integration of genetic algorithms enabled efficient problem-solving for large-scale and
complex production planning challenges. The optimization process showed robustness against variability
in demand and supply chain disruptions, highlighting the model’s resilience under uncertainty.

Overall, the proposed model provided a more intelligent, flexible, and sustainable approach to
production planning, demonstrating strong potential for application not only in the pharmaceutical sector
but also in other data-intensive industries.

Discussion and Conclusion

E-ISSN: 3041-8585
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The findings of this study reinforce the growing consensus in the literature that data-driven
production planning offers transformative advantages for modern industries. The successful application
of the proposed model in the biopharmaceutical sector aligns with prior research emphasizing the
importance of predictive modeling, machine learning, and optimization in managing complex production
environments (Garcia et al., 2024; Khuat et al., 2023; Panjwani et al., 2024).

By integrating data-driven methodologies with mathematical optimization and heuristic
algorithms, the study demonstrates how firms can effectively address uncertainty and achieve a balance
between cost, flexibility, and quality (Lee et al., 2022; Mansouri Mosalou et al., 2024). These outcomes are
consistent with studies advocating for robust optimization approaches to enhance decision-making under
uncertain conditions (Gomez-Gasquet et al., 2024; Saldanha-da-Gama & Wang, 2024).

The enhanced product traceability achieved in this study echoes prior work on smart production
planning and control systems, which highlight the role of data-driven solutions in ensuring compliance,
transparency, and trust within supply chains (Bueno et al., 2022; Oluyisola et al., 2022). In highly regulated
sectors like pharmaceuticals, this capability is not only a competitive advantage but also a legal and ethical
necessity (Gupta et al., 2020; Sharma et al., 2021).

Moreover, the resilience and adaptability of the proposed model validate broader claims about the
strategic role of data-driven production systems in Industry 4.0, extending beyond operational gains to
long-term sustainability and industrial competitiveness (Bueno et al., 2020; Tripathi et al., 2022). These
results resonate with evidence from semiconductor and manufacturing industries, suggesting that data-
driven approaches are universally applicable and can reshape production paradigms across multiple
sectors (Volker & Monch, 2023; Wang et al., 2020; Zhang et al., 2020).

In conclusion, the study contributes to both theory and practice by presenting a comprehensive
framework for data-driven production planning in biopharmaceuticals. It validates the utility of integrating
advanced optimization tools with data analytics to reduce delays, enhance traceability, and manage
uncertainty. The model not only supports operational efficiency but also strengthens strategic decision-
making, paving the way for broader applications in other industries.
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