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1. Introduction 
The urgent need to mitigate climate change and reduce greenhouse gas (GHG) emissions has intensified interest 
in sustainable technologies capable of capturing and valorizing CO2 (Geweda et al, 2025). Microalgae-based 
systems represent a promising solution because they can directly convert CO2, light and inorganic nutrients into 
valuable biomolecules while achieving high growth rates and photosynthetic efficiencies. Unlike terrestrial crops, 
microalgae can be cultivated on non-arable land and can utilize wastewater or industrial flue gases, making them 
attractive for integration into circular bioeconomy concepts and 3G biofuel platforms (Wu et al, 2025). 
 Microalgae can synthesize a wide range of products, including lipids, polysaccharides, proteins and 
pigments. Lipid-rich species are widely studied for biofuel production, whereas polysaccharide-producing strains 
are more relevant for bio-based materials and biochemical applications. However, metabolic pathways leading to 
lipid or polysaccharide accumulation are often affected by different physiological conditions, particularly nutrient 
availability. Nitrogen limitation typically promotes lipid accumulation, while nutrient-replete conditions favor 
biomass growth and polysaccharide synthesis. Understanding these trade-offs is essential for designing processes 
that target specific products (Hu et al, 2008). 
 Despite their potential, large-scale microalgae cultivation faces challenges related to light distribution, CO2 
mass transfer, and nutrient management. Closed photobioreactors (PBRs) provide improved environmental control 
compared to open systems, enabling precise regulation of temperature, illumination, gas composition and pH 
(Penloglou et al, 2024). Among operational parameters, light wavelength, CO2 concentration, and nitrogen 
availability are key factors influencing growth and metabolic allocation. Since these variables interact nonlinearly, 
statistically guided approaches such as Design of Experiments (DoE) are valuable for identifying optimal operating 
conditions (Fei et al, 2013). 
 In this study, two robust microalgal strains were investigated: Stichococcus sp., a polysaccharide-producing 
species, and Chlorella vulgaris, known for lipid accumulation. Both strains were cultivated in a controlled tubular 
PBR under CO2-enriched conditions representative of industrial off-gases. A Taguchi experimental design was 
applied to evaluate the combined effects of light spectrum (blue, white, red), CO2 concentration (5-10% v/v), and 
nitrate availability on biomass productivity and biochemical composition. 
 
2. Materials and Methods 
The two microalgal strains were grown for 15 days in a horizontal bench-scale tubular PBR, using a defined 
medium (modified Bold Basal, with varying nitrogen source concentration, i.e. NaNO3 0.25/0.75/1.25 g/l) at 
controlled temperature (25±1 °C) with continuous gas supply (200 ml/min of mixed air and CO2 stream with 
concentration equal to 5%/7.5%/10% v/v) and regulated illumination (red/white/blue light, respectively 
650/550/450 nm, 2200 µmol/(m·s), 16 h light/8 h dark photoperiod] (Figure 1). Biomass was monitored via optical 
density and gravimetric measurements, while polysaccharides and lipids were quantified using established 
chemical analyses. Statistical analyses, including analysis of variance and regression modeling, were used to 
identify dominant factors and determine optimal conditions. 
 
3. Results and Discussion 
Results revealed distinct physiological behaviors between the two strains. Stichococcus sp. showed growth-
associated polysaccharide production, with maximum biomass and polysaccharide concentration observed under 
red light, moderate CO2 and sufficient nitrate supply. This indicates that high photosynthetic efficiency and nutrient 
availability promote continuous carbon fixation into structural carbohydrates. On the other hand, Chlorella 
vulgaris exhibited the typical tradeoff between growth and lipid accumulation. High biomass and lipid productivity 
occurred under red light and nitrogen-rich conditions, whereas maximum lipid content was achieved under 
nitrogen limitation and elevated CO2, reflecting stress-induced storage lipid synthesis. 
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Figure 1. Images of the tubular photobioreactor operated under different illumination conditions: (a) red light, 
650 nm and (b) blue light, 450 nm. 

 
 Light wavelength emerged as the dominant factor affecting productivity in both strains, with red 
illumination supporting higher growth due to efficient absorption by photosynthetic pigments. Nitrogen 
availability strongly influenced metabolic allocation, particularly lipid accumulation in Chlorella. CO2 
concentration acted as both carbon source and mild stressor; moderate enrichment enhanced productivity, while 
excessive levels slightly reduced performance, likely due to acidification effects. 
 Statistical optimization showed that Stichococcus sp. possesses a single operational window where biomass 
and polysaccharide production are simultaneously maximized, reflecting its growth-coupled metabolism. 
Conversely, C. vulgaris required to compromise conditions because maximizing lipid content conflicted with 
maximizing biomass. Multi-response optimization identified balanced operating points that provide high overall 
productivity while accounting for these trade-offs. 
 Overall, the results demonstrated that microalgal cultivation under CO2-rich conditions can be effectively 
optimized through integrated experimental and statistical approaches. Light spectrum defines the limit in 
productivity, nitrogen availability controls carbon partitioning, and CO2 acts as a tunable parameter influencing 
both growth and stress responses. The contrasting behaviors of the two strains highlight the importance of strain 
selection in designing microalgal biorefineries tailored to specific product goals. 
 
4. Conclusions 
This work provides a methodological framework for optimizing microalgae-based CO2 valorization systems under 
industrially relevant conditions. The approach could be transferred to other strains and PBR configurations and 
supports rational scale-up by identifying narrow but well-defined operational windows. Future research should 
focus on pilot-scale validation using real industrial off-gas streams to assess long-term stability, process 
robustness, and integration with downstream processing. Such efforts will be crucial for advancing microalgae 
technologies as viable solutions for carbon capture and sustainable production of fuels and bio-based materials. 
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