














“It always seems impossible until it’s done.”
—
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μ

same column indicate significant differences (p≤0.05) between cycles for the same parameter. 

Δ

ammoniacal nitrogen (NH₄⁺–N), and inorganic phosphate (PO₄–

−

each production stage. Adapted from Rachwał et al. (2020)



Φ

biochar additions: control (■), 0.5 g L⁻¹ biochar (●), and 1.0 g L⁻¹ biochar (▲).

in the treatments with 0.5 g L⁻¹ (B) and 1.0 g L⁻¹ (C).





Φ







produtividade de biomassa atingiu 52,3 mg L⁻¹ d⁻¹, com perfil bioquímico equilibrado 
de efluente. Os custos de produção foram reduzidos de €84 kg⁻¹ em meio sintético para €18 
kg⁻¹ em efluente puro, 

0,5 g L⁻¹



from 25% to 100%. Biomass productivity reached 52.3 mg L⁻¹ d⁻¹, with a balanced biochemical 
profile at 100% effluent. Production costs were reduced from €84 kg⁻¹ in sy
€18 kg⁻¹ in pure effluent, indicating, at laboratory scale, an estimated reduction in cultivation 

⁻¹ of biochar. Biochar characterization 



oxygen demand (COD) typically ranging from 2,000 to 6,000 mg L⁻¹, and nitrogen and 

osphorus concentrations that can reach up to 120 mg L⁻¹ and 30 mg L⁻¹, respectively 





com demanda química de oxigênio (DQO) tipicamente variando de 2.000 a 6.000 mg L⁻¹, e 

trogênio e fósforo que podem atingir até 120 mg L⁻¹ e 30 mg L⁻¹, 















achieved biomass concentrations of approximately 1.02 g L⁻¹ after 
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. Microbreweries, although essential to the sector’s growth, face significant 

wastewater and to biofix carbon dioxide (CO₂), a process that reduces greenhouse gas emissions 

valorization of liquid waste, CO₂ biofixation, and the productio

hops. This strategy integrates waste remediation, nutrient recovery, CO₂ capture, and the supply 



maintenance of photosynthetic efficiency (ΦPSII, ETR), higher stomatal conductance, and 



–

cient nutrient removal, with average nitrogen removal rates of 1.35 g m⁻²·day⁻¹, of 

–



from 0.15 to 0.68 g m⁻²·day⁻¹. The treated effluent supported the hydroponic cultivation of 

–

(Rachwał 





CO₂ fixation. The authors concluded that microalgae enhanced the 

value biocompounds, including 16.05 mg L⁻¹ of chlorophyll, 9.57 mg L⁻¹ 

of carotenoids, 30.42 mg L⁻¹ of carbohydrates, 20.82 mg L⁻¹ d⁻¹ of lipids, and 142.12 mg L⁻¹ 

studied the purification of brewery effluents and CO₂ fixation through 

reached 1.02 g L⁻¹, with removal rates of 75.96% for total nitrogen, 95.71% for total 

on and CO₂ fixation can be achieved through proper strain 

concentration of 0.5 g L⁻¹, the authors scaled up lab tests to a 300 L open

continuously for 100 days, reaching an average biomass productivity of 10.68 g m⁻² day⁻¹. 

(O’Rourke; Gaffney; Murphy, 2016; 





brewery wastewater and reported the highest biomass yield (950 mg L⁻¹) when NaCl and 

NaHCO₃ were added under a 16:8 light–

–

COD, TN, NH₄⁺

– – –

red light enhanced biomass productivity (0.249 g L⁻¹ day⁻¹) and phycocyanin production (223.9 

mg g⁻¹ day⁻¹).
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(İkiz 
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(ΦPSII), antioxidant activity,

microalgal production also contributes to nutrient recovery and CO₂ mitigation, reducing the 



–





–

–

–



–

–

–



–

–

–

–



–

–

Microalgae Cultivated in Cattle Wastewater as a Biofertilizer : Tests on the Production of 

–

–

–

https://doi.org/10.1007/s11270-024-07519-1


–

VIDOVIĆ, S.; CVETKOVIC, D.; MELKONYAN, L.; AVETISOVA, G.; GOGINYAN, V.; 
–

–
–

–

–

–

–

–



İKIZ, B.; DASGAN, H. Y.; BALIK, S.; KUSVURAN, S.; GRUDA, N. S. The use of 

–

–

–

–

–

LYALINA, T.; SHAGDAROVA, B.; ZHUIKOVA, Y.; IL’INA, A.; LUNKOV, A.; 



–

–

–

–

–

–

–

–



–

of ‘Anna’ Apples. –

O’ROURKE, R.; GAFFNEY, M.; MURPHY, R. The effects of Parachlorella kessleri 
–

–

–

CYNA, K.; BARŁÓG, P.; SPIŻEWSKI, T.; GRZEBISZ, W. Bio
—



QUILLE, P.; KACPRZYK, J.; O’CONNELL, S.; NG, C. K. Y. Reducing fertiliser inputs: plant 

RACHWAŁ, K.; WAŚKO, A.; GUSTAW, K.; POLAK

–

–

–

–

–



–

– –

–

–

–



–

–





–

concentration of 0.77 g L⁻¹ and productivity of 52.34 mg L⁻¹ d⁻¹, with a balanced biochemical 

ntial reduction in biomass production expenses, from over €84 kg⁻¹ in the control to €18 

kg⁻¹ in the undiluted effluent assay. These results advance knowledge on the adaptive 



–3600 mg L⁻¹) 

–6000 mg L⁻¹), but low nutrient concentrations, 

–80 mg L⁻¹) and phosphorus (10–50 mg L⁻¹), unlike standard media such as BG

scale, achieving 10.68 ± 5.13 g m⁻² day⁻¹ of biomass productivity and removing up to 100% of 



wastewater and CO₂ fixation using different microalgae strains, emphasizing t

’ ’’ ’ ’’

μ m⁻² s⁻¹), photoperiod (12 h 

⌀



mg L⁻¹, Biochemical Oxygen Demand (BOD) of 368.3 mg L⁻¹, nitrogen concentration 

mg L⁻¹, and phosphorus concentration of 2.7 L⁻¹.

biomass concentration of 0.2 g L⁻¹, achieved by inoculating cultures previously grown in BG

irradiance of 60 μmol m⁻² s⁻¹. Semicontinuous operation was conducted over three 

additional CO₂ supplementation was provided during cultivation.

. Although OD₇₅₀ is often preferred to avoid pigment interference, 



OD₆₇₀ was validated in this study for its strong correlation with biomass concentration under 

™

g L⁻¹ d⁻¹) was calculated using Equation 1, where X

𝑃𝑥 =  𝑋𝑡− 𝑋0𝑡− 𝑡0  

𝑡𝑔 =  ln(2)μ𝑚𝑎𝑥  

modifications were made. Therefore, the average cultivation cost was set at €

. The cost of the effluent was set to €0.00 since it is a byproduct of the brewing process. 



: Cost (€ g

price of a microalgal cultivation (€ − ), B is the price of the effluent or culture medium (€ L−

−

𝐵𝑡𝑜𝑡𝑎𝑙 = (𝐵𝐶1×0.7)+(𝐵𝐶2×0.7)+(𝐵𝐶3×1.8)3.2  
Where BC₁, BC₂, and BC₃ represent the biomass concentrations obtained at the end of 

the same conditions. The resulting biomass was then frozen at −80 °C for 48 h, lyophilized, and 

stored at −20 °C for later characterization.

–



–

verified using Levene’s test. The results were assessed using analysis of variance (ANOVA), 





μ

letters in the same column indicate significant differences (p≤0.05) between cycles for the same 



In the EA25 assay, biomass concentration increased to 0.57 g L⁻¹ by the second cycle, 

, initially high (70.72 mg L⁻¹ d

65.23 mg L⁻¹ d

of 52.34 mg L⁻¹ d





was established. Based on these data, we adjusted the cost to 13 € kg⁻¹ for all assays conducted 

cost of the standard BG 11 cultivation medium was estimated at 0.07 € per liter.

the cost of brewery effluent was set at 0.00 €, as it is a byproduct of the brewing process. In 





Control EA25 EA50 EA75 E100
Final biomass (g L-1) 0.990 0.529 0.566 0.745 0.713

Protein (g L-1) 0.463 0.191 0.220 0.306 0.301
Carbohydrate (g L-1) 0.250 0.146 0.164 0.233 0.223

Lipid (g L-1) 0.275 0.175 0.209 0.236 0.207
Biomass cost (€ g biomass-1) 0.084 0.025 0.023 0.017 0.018
Protein cost (€ g protein-1) 0.179 0.068 0.059 0.043 0.043

Carbohydrate cost (€ g carbohydrate-1) 0.332 0.089 0.079 0.056 0.058
Lipid cost (€ g lipid-1) 0.302 0.074 0.062 0.055 0.063



reduction, reaching €0.017 per g of biomass, €0.043 per g of proteins, and €0.056 per g of 







–

–

estimated to be approximately 12.4 € per kg of biomass produced. This value was obtained 

The cost of brewery effluent was set at 0.00 €, as it is a byproduct of the brewing process. 



€ 

approximately 18 € kg⁻¹ when cultivated in 100% brewery effluent. 

€

149 mg L⁻¹ day⁻¹, even under suboptimal greenhouse condit

0.99 ± 0.18 mol photons m⁻² day⁻¹) and variable temperatures (3.7–23.7 °C). Biomass derived 

from pig manure cultures exhibited auxin concentrations above 350 pmol g⁻¹ DW for IAA and 

84 pmol g⁻¹ DW for oxIAA, considerably higher t



–2 mg L⁻¹ of IBA in Na

–1 mg L⁻¹ in pig manure systems, surpassing the batch culture con

concentration (1.06 g L⁻¹), it showed a progressive decline in growth efficien

were reduced by up to 79%, reaching €18 kg⁻¹ in the 100% 

–

–
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ΦPSII and ETR), enhanced stomatal conductance, 
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μmol

The maximum biomass concentration (Xₘₐₓ, g

recorded during the assay. Volumetric biomass productivity (Pₓ, g

Xₜ X₀

t₀ 𝑃𝑥 =  𝑋𝑡 − 𝑋0𝑡 − 𝑡0                                                                 (1)

𝑡𝑔 =  ln(2)μ𝑚𝑎𝑥                                                                    (2)
–



–



𝐺𝑒𝑟𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛 (%) =  𝐺𝑒𝑟𝑚𝑖𝑛𝑎𝑡𝑒𝑑 𝑠𝑒𝑒𝑑𝑠𝑇𝑜𝑡𝑎𝑙 𝑠𝑒𝑒𝑑𝑠 × 100                                        (3)



L⁻¹

L⁻¹ d⁻¹

L⁻¹; 46.34 L⁻¹ d⁻¹). μₘₐₓ) was also superior for 

d⁻¹; p μₘₐₓ of 0.16 d⁻¹. 

d⁻¹ for 



optimized light and CO₂ supply conditions

d⁻¹ in pilot

μ d⁻¹ and a tg of 4.43

μ d⁻¹) and a shorter tg (2.44

Hasnain, 2010; Žižková 



L⁻¹; total P: 2.7 L⁻¹) likely favored efficient light 



wastewaters and is associated with the oxidation of organic carbon, respiratory CO₂ release and 

g⁻¹ in 

g⁻¹ in



10⁵ g⁻¹ 

10⁵ g⁻¹

g⁻¹ iP and 107,81 g⁻¹ tZ in 

g⁻¹), a 

g⁻¹, respectively)

g⁻¹ (≈340 g⁻¹). 

g⁻¹) in 



(Žižková 

g⁻¹) and 

g⁻¹), hormones classically associated with stress perception and 

used in this study (initial pH ≈ 11.9). Elevated pH and nutrient imbalance are recognized abiotic 

gibberellins, particularly GA₁ (292.1 g⁻¹) and GA₃ (1,153.5 g⁻¹), hormones directly 

g⁻¹ in indoor cultures to 36,236 g⁻¹ 

g⁻¹



–



The higher levels of GA₁ and GA₃ detected in 

barley, as these gibberellins regulate the transcription of genes encoding α





is consistent with its hormonal profile, which includes higher concentrations of GA₁, 

GA₃ GA₄ g⁻¹ in 

g⁻¹ in 



–

Φ







m⁻² s⁻¹, respectively, compared to 1.11 m⁻² s⁻¹ in the control 

m⁻² s⁻¹, respectively; p



Φ

The effective quantum yield of photosystem II (ΦPSII) remained relatively stable 

throughout the experiment (Figure 5g,h). In week 3, ΦPSII values ranged from 0.73 to 0.74, 

m⁻² s⁻¹) than the 

m⁻² s⁻¹) and m⁻² s⁻¹; p

Because ΦPSII did not differ significantly among treatments, these ETR variations are most 
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L⁻¹ d⁻¹), indicating 



g⁻¹). In contrast, 
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with 0.5 and 1.0 g L⁻¹ biochar. Growth kinetics, nutrient removal, biomass composition, and 

biomass accumulation, reaching up to 1.03 g L⁻¹ within 4 days. 

(0.49 d⁻¹ in control to 0.34 and 0.40 d⁻¹), but improved culture stability, with sustained 

growth observed at 1.0 g L⁻¹. Total carbon removal exceeded 84% in all treatments. Ammonium 

removal was highest at 0.5 g L⁻¹ (32.50%). Phosphate removal ranged from

(control) to 45.62% and 39.54% at 0.5 and 1.0 g L⁻¹, respectively, while carbohydrates 

–



(Metin; Altınbaş, 



, containing malt extract (1.00 g L⁻¹), yeast extract (0.50 g L⁻¹), peptone (0.15 

g L⁻¹), maltose (0.86 g L⁻¹), ammonium sulfate (2.20 g L⁻¹), ethanol (2.00 mL L⁻¹), NaH₂PO₄ 

(0.08 g L⁻¹), and Na₂HPO₄ (0.14 g L⁻¹). The initial pH of the prepared medium was 



18 °C min⁻¹. After cooling, the material was ground, sieved to particle size <75 µm, and stored 

inoculum. The assays were initiated at a biomass concentration of 0.2 g L⁻¹, maint

μ m⁻² s⁻¹. Continuous 

cultivation conditions were evaluated: control, without biochar; 0.5 g L⁻¹ biochar; and 1.0 g L⁻¹ 

™

𝑃𝑥 =  𝑋𝑡 − 𝑋0𝑡 − 𝑡0                                                                 (1)



𝑡𝑔 =  ln(2)μ𝑚𝑎𝑥                                                                    (2)

ammoniacal nitrogen (NH₄⁺

–



°C under a nitrogen atmosphere (30 mL min⁻¹) at a heating rate of 10 °C 

min⁻¹ –

–

−1

−



−1

−1

–
−1

biochar additions: control (■), 0.5 g L⁻¹ biochar (●), and 1.0 g L⁻¹ biochar (▲).

−1

−1

−1 (Metin; Altınbaş, 2024)



−1 −1 −1

−1

−1

–

0.5 g L⁻¹ Biochar 1.0 g L⁻¹ Biochar 
1.03a ± 0.14 0.97a ± 0.28 0.82a ± 0.01

238.07a ± 21.12 184.06a ± 61.86 145.38a ± 18.06
0.49a ± 0.01 0.34c ± 0.01 0.40b ± 0.01
1.43a ± 0.01 2.06c ± 0.01 1.73b ± 0.01

Δt

Δ

−1

−1

–
−1 −1



−1

−1

–

−1

(Metin; Altınbaş, 

(Metin; Altınbaş, 2024)

–

−1

−1



– –

ammoniacal nitrogen (NH₄⁺–N), and inorganic phosphate (PO₄–

0.5 g L⁻¹ biochar 1.0 g L⁻¹ biochar
TC initial (mg C L⁻¹)
TC final (mg C L⁻¹)

NH₄⁺–N initial (mg L⁻¹)
NH₄⁺–N final (mg L⁻¹)
NH₄⁺–
PO₄–P initial (mg L⁻¹)
PO₄–P final (mg L⁻¹)
PO₄–



−1

−1

–

−1

−1

– −1

(Metin; Altınbaş, 2024)

–

– −1

−1



−1

−1

–
−1

– −1 – −1

–

−1

−1



−1

−1

–
−1

−1



significant increase in protein content with biochar addition (33.27% → 

−1

(Metin; Altınbaş, 2024)

−1



−1

minimum DTA signal increased in magnitude (from ~ −40 µV to ~ −43 µV), indicating a greater 

in the treatments with 0.5 g L⁻¹ (B) and 1.0 g L⁻¹ (C).
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