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Abstract

The global imperative to mitigate greenhouse gas emissions, particularly carbon dioxide, which accounts for
approximately 68% of total anthropogenic emissions, has positioned microalgae as a superior biological mitigation
strategy. These microorganisms exhibit photosynthetic efficiency 10 to 50 times higher than that of terrestrial
plants, enabling the conversion of inorganic carbon into biomass rich in high-value compounds. Among these,
astaxanthin, a xanthophyll pigment with antioxidant properties exceeding those of all other natural pigments, is
highly sought after for nutraceutical and pharmaceutical applications.

This study presents a process analysis and simulation of an industrial plant for extracting astaxanthin from
the freshwater microalga Haematococcus pluvialis using Aspen Plus®. Thermodynamic modeling employed the
SRK method, which is applicable to systems involving supercritical CO,. The algal biomass was modeled as a
non-conventional solid. The process is structured into four stages: harvesting, cell disruption, drying, and
extraction (Panis and Rosales Carreon, 2016). Due to the low initial concentration of the culture (0.0026% wt), the
harvesting stage is critical for economic viability. The analysis modeled a two-stage system: gravitational
sedimentation in cylindrical tanks with 98% efficiency, followed by disc centrifugation. This configuration
concentrates the solids from 0.0026% to 2.3% and finally to 21% wt, drastically reducing the water volume
processed in downstream units.

In its “red phase,” Haematococcus pluvialis develops thick, resistant cell walls to protect accumulated
astaxanthin. To release the intracellular content, a ball mill was employed for cell disruption. Process analysis
indicates that only 1% of the energy consumed is used for disruption, with 99% converted into heat. Consequently,
a refrigeration system was integrated into the model to maintain the slurry at a temperature below 35 °C, thereby
preventing thermal degradation of the pigment. The milled slurry, containing 79% water, must be converted into
powder with 5% residual moisture to optimize supercritical extraction. A spray dryer was modeled using hot air
at 180 °C. A sensitivity analysis revealed that the air flow rate must be precisely calibrated; excessive air would
unnecessarily raise the powder temperature (exceeding 41.9 °C) after complete evaporation, risking damage to the
carotenoids. The powder is treated in a semi-continuous extractor operating at 550 bar and 70 °C for supercritical
extraction, which acts as a non-toxic, selective solvent that leaves no residue, making it ideal for human
consumption (Machmudah et al., 2006). The model includes a recovery cycle in which the stream is flashed at 50
bar to separate the oleoresin (solid phase) from the vapor phase, which is then condensed and recycled (Nitsos et
al., 2020).

The plant was sized to process 10 kg/h of dry biomass. Total mass balances show that from an inlet flow
of 38,461 kg/h of cell culture, the process yields about 1.8 kg/h of oleoresin with a 12% astaxanthin concentration.
The astaxanthin recovery efficiency is estimated at 80%. Sensitivity analysis demonstrates that the final yield is
directly proportional to the microalgae's ability to synthesize the pigment during cultivation. Increasing the
intracellular astaxanthin concentration beyond 3% would significantly improve the profitability of the industrial
process. In conclusion, while energy costs for compression and cell disruption are high, optimizing operating
parameters and recycling reagents make biological astaxanthin production a viable alternative to synthetic variants.
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