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1. Introduction

Photobioreactors (PBRs) remain a central technology for sustainable algal biomass production. However, their
scale-up is limited by the complex coupling between hydrodynamics, gas-liquid mass transfer, light attenuation,
and biological kinetics. This work represents an integrated computational framework combing Computational
Fluid Dynamics (CFD) simulations with a real-time Digital Twin (DT) architecture for predictive operation of
tubular PBR systems. CFD simulations were conducted to quantify gas hold-up, interfacial area, mixing patterns,
and CO, mass transfer under varying inlet CO, concentrations. The high-fidelity results were reduced into a data-
driven one-dimensional response surface surrogate embedded within a MATLAB®-based DT capable of real-time
prediction. Results demonstrate that increasing CO. concentration enhances gas-light contact and dissolution rates,
but exhibits diminishing returns beyond approximately 10-15% v/v CO,. The DT successfully reproduces
hydrodynamic trends without computationally expensive CFD calculations, enabling rapid scenario evaluation
and operation decision support. The proposed workflow establishes scalable methodology for coupling physics-
based simulation with adaptive process intelligence, representing a step toward autonomous algae cultivation
systems. This integration represents a transition from offline analysis toward predictive, decision-support-driven
bioprocess operation.

2. Methods

A multiphase CFD framework was developed to characterize gas-liquid flow in a tubular PBR geometry
representative of microalgae cultivation. The reactor consists of 6 vertical tubes placed parallelly, with 65mm
diameter and 1.5m height, connected by the upper and lower sides by 150mm diameter horizontal tubes.
Simulations resolved gas distribution and bubble transport, gas hold-up, interfacial contact area, and CO,
dissolution and mass transfer coefficients. Bubble dynamics were modeled using pressure-dependent diameter
evolution along the rector height, allowing estimation of local volumetric mass transfer coefficients (kLa). Multiple
inlet CO, concentrations (5-30 %v/v) were evaluated while maintaining constant hydrodynamic boundary
conditions. Algal productivity was modeled using a modified Monod formulation, Bechet et al (2013) and Luzi
and McHardy (2022).

Direct CFD deployment for full transient algal growth along the operation time is computationally
prohibitive for operational use. Therefore, CFD outputs were reduced into a surrogate model using a 1D response
surface methodology (RSM), mapping inlet CO,, concentration to key process indicators: gas hold-up, gas-liquid
interfacial contact, CO, dissolution, and mass transfer coefficient. The surrogate model was embedded in
MATLAB® App Designer DT environment. The DT allows user-defined operating conditions and predicts reactor
behavior in real time without re-running CFD simulations.

3. Results and Discussion

CFD simulations showed monotonic increases in gas hold-up and interfacial contact with increasing CO,
concentration while maintaining the filling volume at 70L and the total gas flow rate at 4L/min. Enhanced bubble
availability improved mass transfer rates and dissolved CO, levels. However, performance gains decrease
significantly above ~10-15% v/v CO,. This saturation behavior indicates a transition from mass-transfer limitation
toward biological or light limitation, confirming that simply increasing CO, supply does not proportionally
increase productivity. The obtained results can be seen in Table 1.

Table 1. Mass transfer values at different CO2 concentrations

CO, Concentration G-L Contact Gas Hold-Up (%) CO; dissolution Mass Transfer
(% vIv) (m*m®) (mg/L) Coefficient (m/s)
5 998.08 0.250 2.324 1.80-10*
7.5 1015.51 0.254 12.949 1.81-10*
10 1035.77 0.259 14.501 1.82-10*

30 1051.55 0.263 14.984 1.83-10*


mailto:ebekou@analisis-dsc.com

Velocity field analysis revealed localized high-shear regions near gas injection zones and circulation
loops along reactor walls. These structures promote mixing but also generate hydrodynamic heterogeneity,
producing spatial gradients in nutrients and light availability. Such gradients are rarely captured in traditional
kinetic models but are naturally incorporated through CFD-derived parameters (Figure 1).
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Figure 1. CO, Volume Fraction in a vertical plane of the reactor with a CO, concentration of 30%

The surrogate-based DT reproduced CFD trends with negligible computational cost. Predictions of
hydrodynamic indicators were obtained instantaneously, enabling rapid exploration of operating scenarios,
sensitivity analysis and operator decision support.

4. Conclusion

An integrated CFD-DT framework was developed for predictive operation of tubular photobioreactors. CFD
simulations quantified hydrodynamic and mass transfer mechanisms governing CO, utilization, while surrogate
model enabled gas-liquid interaction but exhibits diminishing benefits beyond moderate enrichment levels. The
proposed methodology bridges high-fidelity simulation and operation decision making, offering a practical
pathway toward intelligent and autonomous algae cultivation systems.
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