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ABSTRACT

Modular process design offers product, volume, and location flexibility to meet the dynamic needs of the
pharmaceutical industry. This study highlights volume flexibility by utilizing small-scale process units that can
be scaled efficiently by numbering up or down to adapt to different production scales in response to uncertain
market demands. Through an ibuprofen manufacturing case study, the modular design's series reactor
configuration with bypassing capability is shown to enable rapid capacity adjustments, optimize resource use,
and minimize downtime. Unlike conventional plants, modular design demonstrates less sensitivity, greater
adaptability, and economic efficiency across varying production scales, offering an innovative pathway for

future pharmaceutical manufacturing.
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INTRODUCTION

The pharmaceutical industry faces high manufacturing
costs, strict regulations, and varying market demands,
necessitating efficient and adaptive manufacturing
processes. Modular process design addresses these
challenges by using standardized, interchangeable,
small-scale process units that can be rearranged for fast
adaptation. Bertran et al. (2023) demonstrate its
potential for streamlining facility design in batch API
purification [1]. This study investigates modularity's role
in adjusting production capacity to variable market
demand and its economic impact on continuous
manufacturing. The significance of flexibility was evident
during pandemics, where quick adaptation to demand
shifts was crucial. This case study focuses on a two-step
catalytic continuous ibuprofen manufacturing process
involving hydrogenation and carbonylation. Unlike
previous studies on continuous ibuprofen manufacturing
that focus on fixed production scales, this study explores
the scalability and adaptability of modular reactor
configurations under varying demand conditions. The
process is simulated using AVEVA Process Simulation,
incorporating reaction kinetics and reliable
thermodynamic models for modular and conventional
design configurations [2][3]. Monte Carlo simulations
evaluate the minimum selling price (MSEP) as a key
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economic metric. The findings provide insights into the
economic and operational advantages of modular
process design in the pharmaceutical industry.

METHODOLOGY

The design process determines the optimal conditions
and reactor sizing for the conventional configuration to
accommodate the mean production scale. For the
modular design, small-scale reactors are sized and
arranged in series. The modular system allows for reactor
bypassing without disrupting the process flow ensuring
that the number of reactors in operation are dynamically
adjusted. Reactor bypassing decisions are guided by
observed conversion and yield, ensuring that efficiency
is maintained while adapting to varying demands.

Conventional & Modular Process Design

In the conventional design, the manufacturing process is
structured using two fixed-size Plug Flow Reactors (PFR).
Two configurations were evaluated: the first uses 5 m3
and 7.5 m® reactors for hydrogenation and carbonylation
respectively, while the second uses 5 m? reactors for
both. In the modular design, the manufacturing process
is structured using a series of two PFR reactors for
hydrogenation and three PFR reactors for carbonylation
with each reactor having a 2.5 m® volume.
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Figure 1. Modular Process Design
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CASE STUDY RESULTS AND DISCUSSION

To evaluate the performances under varying production
scales, 500 Monte Carlo simulations are conducted. The
production demand, assumed to follow a uniform
distribution with a minimum value of 155 kg/h and a
maximum value of 565 kg/h representing approximately
10% of the global market size is sampled using Latin
Hypercube Sampling (LHS). The results shown in Figure
2 highlight the differences in how each design adapts to

varying demand levels, with the sorted values presented.
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Figure 2. Sorted Monte Carlo Results

Figure 2A shows that the modular design successfully
accommodates the demand across the specified range,
demonstrating enhanced flexibility. In contrast, the
conventional designs result in infeasible regions due to
their limited adaptability constrained by the fixed reactor
sizes. Figure 2B illustrates that changing the size of the
carbonylation reactor enables accommodating higher

demand values; however, this modification introduces a
trade-off, leading to higher minimum selling prices.

CONCLUSION

This work highlights the advantages of modular design in
continuous ibuprofen manufacturing, enabling
adaptation to evolving market demands with precise
capacity adjustments and fast responses to changes
without compromising economic performance. In
contrast, the choice of reactor sizes in conventional
designs is critical to maintaining performance and
avoiding infeasibilities under varying demand scenarios.
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