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A B S T R A C T 

As natural repositories of a broad spectrum of bioactive compounds ranging from pigments and 

enzymes to unique fatty acids and proteins, microalgae have attracted growing interest for their 

potential to produce bio-functional proteins. This comprehensive study examines the 

autotrophic cultivation of freshwater microalgae, focusing on protein production using a 

photobioreactor and natural water as the growth medium. The cultivation strategy eliminated 

the need for supplemented nutrients, enhancing environmental sustainability and cost-

effectiveness. The study achieved a biomass production rate of 0.262 mg/L/day and a notable 

protein yield of 27.69 mg/L/day. Our findings support the feasibility and efficacy of employing 

natural water as a cultivation medium for freshwater microalgae for protein production. This 

approach alleviates the environmental burden associated with synthetic growth media and 

contributes to reducing operational costs. The study thus demonstrates the potential for this 

methodology to pave the way for a new, eco-friendly, and economically sustainable paradigm 

in the production of algal bio-functional proteins. Moreover, the widespread availability of 

natural resources makes this approach highly adaptable and scalable for larger production 

systems. 

 

1. Introduction  
 

Microalgae consists of eukaryotic life forms and 

photosynthetic bacteria capable of storing an array of essential 

organic compounds like sugars, proteins, and lipids (Bhuyar et al., 

2021; Manmai et al., 2022). They harness solar power, carbon 

dioxide, and other nutrients. These tiny organisms transform 

inorganic elements such as carbon, nitrogen, and phosphorus into 

organic material in various colors like green, blue-green, or brown 

(Nithin et al., 2020). Analysis of their chemical makeup is often 

conducted to provide consumers with relevant nutritional data and 

to observe how this composition changes under different growth 

conditions. It's worth noting that the chemical profile of these algae 

can differ widely depending on the species, the specific strain, and 
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even individual batches (Ramaraj et al., 2013, Ramaraj et al., 

2016a). By altering the growth environment, one can somewhat 

control the composition of the algae. These algae are self-

sustaining through photosynthesis, mainly utilizing sunlight and 

carbon dioxide for their growth (Ramaraj and Dussadee, 2015; Tsai 

et al., 2017). Ramaraj et al., 2016b). For uses like single-cell 

protein in food and feed, maintaining strict quality controls and 

good agricultural practices is crucial for ensuring the safety of the 

final product. 

Expanding upon this impact, the specialized nutrient profile of 

microalgae is not just a supplemental addition to food and feed; it 

is increasingly becoming a cornerstone for innovative health and 

nutritional solutions (Sousa et al., 2008). Given the extensive array 

of nutrients — from proteins and amino acids to fatty acids and 

bioactive compounds — microalgae serve as a more 

comprehensive source of nutrition compared to many traditional 

crops (Ramaraj et al., 2015). The high concentrations of these 

beneficial compounds make microalgae particularly appealing for 

numerous applications in human and animal nutrition, 

pharmaceuticals, and cosmetics (Becker, 2007). The richness in 

bioactive compounds opens doors for research into potential 

medicinal benefits, including anti-inflammatory and anti-oxidative 

properties. This burgeoning field has the potential to redefine how 

we approach health and wellness through natural products. 

As research continues to unveil their myriad benefits, 

microalgae are fast becoming a focus for sustainable and high-

quality natural products that could have lasting implications for 

human and animal health, as well as for the sustainability of aquatic 

ecosystems (Sousa et al., 2008; Ramaraj et al., 2015).One standout 

feature of microalgae is their high protein content, which has 

increased recognition of these organisms as an unconventional yet 

valuable protein source (Spolaore et al., 2006). Extensive analyses 

and nutritional assessments confirm that the quality of proteins 

derived from algae rivals that of traditional plant-based proteins 

(Becker, 2007; Tsai et al., 2015). 

Microalgae are crucial primary producers within aquatic 

ecosystems and present enormous biodiversity, ranging from 

unicellular microscopic forms to multicellular macroscopic 

varieties (Saetang and Tipnee, 2021). Notably, microalgae are 

exceptional biomass producers (Phukan et al., 2011) and exhibit 

growth rates and productivity that outpace those of terrestrial 

plants, forestry, and other aquatic flora (Tsai et al., 2012). Given 

their rapid growth, they can generate various valuable products, 

potentially meeting growing demands for food proteins if 

cultivated effectively. 

The majority of previous research has utilized either artificial 

mediums, like chemical fertilizers (Man and Keat, 2012), or 

wastewater, such as domestic or industrial effluents (Hodaifa et al., 

2013), for microalgae cultivation in photobioreactors. Natural 

water bodies offer an alternative medium that mimics 

environmental conditions, eliminates the need for artificial 

additives, and reduces both costs and potential environmental 

pollution (Ramaraj et al., 2013, Ramaraj et al., 2016a,b; Tsai et al., 

2017). However, there is a surprising scarcity of information 

regarding microalgae cultivation in natural systems. In light of this 

gap, the primary objective of this study is to investigate the 

viability of using natural water media in photobioreactors for the 

cultivation of freshwater microalgae with the aim of protein 

production. By focusing on natural water as a medium, this 

research aims to develop a sustainable, cost-effective, and 

environmentally friendly approach to algal protein production. 

 

2. Material and methods 
 

2.1 Microalgae culture, monitoring 

 

The mixed culture microalgae were collected from the 

Sustainable Resources and Sustainable Engineering Research 

Laboratory (SRSE-LAB), Department of Soil and Water 

conservation, National Chung-Hsing University (NCHU), 

Taichung, Taiwan. The microalgal species introduced in the 

filtered natural freshwater medium were initially identified 

microscopically and their succession and survival were monitored 

regularly.  In the culture, the species of the genera Anabaena, 

Chlorella, Oedogonium and Oscillatoria were present as the 

numerically dominant microalgae, along with several other minor 

microalgae including the species of the genera Lyngbya, 

Scenedesmus, Phytoconis, Coccochloris and Phormidium and a 

few unidentified microalgae.   

 

2.2 Growth medium preparation 

 

The stream water (Natural water) was collected from the 

nearby Green River (24° 7'27.35"N; 120°40'22.79"E) at Fu-Te Dao 

temple, which was near the University (Figure 2). The collected 

water was filtered through a 0.45 µm filter paper and used as the 

medium. 

Figure 2. Collection site in Green River 

 

2.3 Growth conditions and monitoring 

 

The algae were grown in autotrophic condition with 10 days 

detention time, continuously for over four and half years period 

with batch-fed culture in a 4L Continuously Stirred Tank Reactor 

(CSTR) under room temperature and illumination through 

fluorescent lamps. For the CO2 source, we did not use any artificial 

control or extra CO2 addition and used the open reactor to make the 

reactor gas exchangeable with the atmosphere. This type of design 
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could mimic the real conditions in the natural ecosystem best. We 

used three production units: P1, P2, and P3 for triplicate, and the 

growth system is shown in Figure 2.  

Figure 1. Photobioreactor set-up 

Table 1. Chemical analysis 

Parameter Methoda 

pH Method 423 (pH value) 

alkalinity Method 403 (alkalinity) 

DO Method 421B (azide modification) 

COD  Method 508B (closed reflux, titrimetric method) 

NH4
+-N 

Method 417A (preliminary distillation step) with 

Method 417B (nesslerization method (direct and 

following distillation)) for final ammonia  

TKN 

Method 420A (macro-Kjeldahl method) with 

Method 417B (nesslerization method (direct and 

following distillation)) for final ammonia 

NO2
--N Method 419 (nitrogen (nitrite)) 

NO3
--N 

Method 418A (ultraviolet spectrophotometric 

screening method) 

TP 

Method 424E (stannous chloride method) 

following sulfuric acid-nitric acid digestion of 

Method 424C (preliminary digestion steps for 

total phosphorus) 

TSS 
Method 209C (total suspended solids dried at 103-

105℃) 

VSS 
Method 209D (fixed and volatile solids ignited at 

550℃) 

FSS 
Method 209D (fixed and volatile solids ignited at 

550℃) 

Note: a all processes follow the Standard Method. 

 

2.4 Physicochemical analysis 

 

The physicochemical parameters of pH, alkalinity, dissolved 

oxygen (DO), chemical oxygen demand (COD), ammonia (NH4+-

N), Kjeldahl (TKN), nitrate (NO3-N), nitrite (NO2-N), total 

nitrogen (TN) and total phosphorous (TP); and microalgal biomass  

of total suspended solids (TSS), volatile suspended solids (VSS), 

fixed suspended solids (FSS) were initially measured. Biomass 

production in biological processes has often been expressed as a 

cell dry weight (DW) by measuring the total suspended solid  (TSS)  

concentration in cultures using standard methods. The same 

parameters were monitored throughout the study at regular 

intervals, following standard procedures (APHA-AWWA and 

WPCF, 2005) and details were presented in Table 1. Protein 

content was measured by multiplying the nitrogen content of dried 

algae samples by a conversion factor of 6.25 (Hunt et al., 2010). 

Protein was determined by Kjeldahl method.  The method involves 

Digestion, Distillation, and Titration. The procedure was adopted 

from the standard method (APHA-AWWA and WPCF, 2005). 

 

3. Results and discussion 
 
3.1 Growth of freshwater microalgae 

 

Microalgae are increasingly recognized as a critical 

bioresource for various applications, drawing significant scholarly 

and industrial interest (Palanisamy et al., 2022). Comprising about 

50% carbon in their dry weight, these microorganisms are 

noteworthy for their efficiency in carbon capture and utilization 

(Sánchez Mirón et al., 2003). They primarily rely on CO2 as the 

source of carbon and light as the energy source to drive their 

metabolic activities. In terms of assessing microalgal growth, it's 

important to note that the dry weight of the algae biomass has been 

commonly evaluated using TSS as an effective method for 

quantifying the overall biomass (Azov et al., 1982; García et al., 

2006; Barthel et al., 2008). For this study, microalgal growth will 

be reported regarding dry weight, as depicted in Figure 3. 

The increasing focus on microalgal biomass aligns well with 

the urgent need for sustainable alternatives in various fields. With 

high carbon content, microalgae serve as valuable resources for 

carbon capture and can also convert waste and CO2 into valuable 

biomass. Dry weight, quantified through TSS, is a reliable metric 

for evaluating microalgal growth across different conditions and 

studies (García et al., 2006; Barthel et al., 2008). This standardized 

measure aids in developing effective cultivation strategies by 

helping researchers understand the influence of environmental 

factors on growth. In this study, biomass production varied 

between 0.086 to 0.262 g/L/day, averaging 0.145±0.03 g/L/day. 

Notably, the research utilized a natural water medium without 

additional chemicals or CO2, effectively simulating an ecosystem, 

and yielded promising results for biomass production. 

 

 
Figure 3. Algae growth and biomass yield 
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3.2 Microalgae growth medium and system analysis 

 

The increased emphasis on microalgal biomass is timely, 

especially considering the pressing need for sustainable approaches 

across diverse industries. With a high concentration of carbon in 

their composition, microalgae stand out as an asset for initiatives 

aimed at carbon capture and storage. Moreover, their metabolic 

versatility offers them promising resources for transforming waste 

products and carbon dioxide into usable biomass. The TSS for 

assessing dry weight offers a unified and consistent metric, 

facilitating comparative analyses across different research 

endeavors and cultivation conditions (García et al., 2006; Barthel 

et al., 2008). This standardized methodology enhances our 

understanding of microalgal growth rates and their capacity for 

upscaling. 

Such precise measurement techniques as TSS enable a nuanced 

understanding of how microalgae respond to varying 

environmental inputs, thereby shedding light on optimal conditions 

for cultivation. This information is crucial for devising effective 

strategies that maximize biomass production while minimizing 

resource input (Ramaraj et al., 2015). Consequently, the ongoing 

attention to microalgal biomass and its meticulous quantification 

through TSS significantly enriches our knowledge base concerning 

these microorganisms' ecological and commercial utility. Focusing 

on microalgal biomass through rigorous methodologies helps 

understand its growth characteristics and unravels its potential role 

in sustainability efforts.  

 The most important factors are nutrients, pH and alkalinity, 

light, and temperature (Unpaprom et al., 2017). The mean values 

of the measured physicochemical and biological parameters of the 

unsupplemented natural freshwater medium and growth analysis 

are shown in Table 2. Light intensity levels can significantly affect 

photosynthesis rates, directly related to an algae's growth ability. 

The light source was a minimum of 25 67 µmol-1m-2 needed 

(Finkel, 2001); this study has essential light intensity (27.11± 2.67 

µmol-1m-2). The minimum microalgae use light energy to fix 

carbon (C) and combine the carbon with elements such as nitrogen 

(N) and phosphorus (P) at relatively constant stoichiometric ratios 

(Baird and Middleton, 2004). Temperature (28.38±2.79°C) in the 

reactors appears favorable for metabolic activities, which are 

crucial for biomass production. Moreover, the elevated pH levels 

in the reactors (10.13±0.34) compared to the medium (7.15±0.30), 

along with higher DO levels (7.36±5.36 mg/L in reactors vs. 

6.02±1.20 mg/L in the medium), suggest enhanced metabolic and 

photosynthetic activities in the growth environment. 

Notable variations also occur in alkalinity, dropping from 

102.48±20.72 mg CaCO3/L in the medium to 46.39±1165 mg 

CaCO3/L in the reactors and COD, which increased to 11.52±4.42 

mg/L in the reactors from 5.54±2.61 mg/L in the medium. These 

changes may indicate the utilization of carbonate ions and the 

generation of metabolic byproducts. Nutrient concentrations such 

as NH4-N (1.32±1.55 mg N/L in medium and 0.61±0.63 mg N/L in 

reactors) and NO3-N (3.00±2.06 mg N/L in medium and 0.39±0.43 

mg N/L in reactors) generally decreased, suggesting their 

incorporation into the microalgal biomass. The CNP ratio also 

shifts significantly from 3.56:12.14:1 in the medium to 

47.47:24.35:1 in the reactors, perhaps indicating changes in 

nutrient utilization strategies. Final biomass metrics—TSS at 

0.145±0.03 g L-1, VSS at 0.083±0.02 g L-1, and FSS at 0.062±0.02 

g L-1—underscore the biomass generated and its significance in 

evaluating microalgal productivity. The analysis of these data is 

crucial for optimizing microalgal growth and contributes 

significantly to their broader sustainability potential. 

Algae growth is generally equivalent to protein synthesis, 

where P-rich ribosomes and N-rich amino acids are the key 

macromolecules. The C/N/P ratios of algae are typically around 

106:16:1, the Redfield ratio (Redfield et al., 1963). According to 

the proposed theoretical CNP ratio of algae, there was no P and N 

limiting problem; the results are shown in Table 2. From the data 

comparison between feeding and reactors, both nitrogen and 

phosphorous nutrients were uptaken by algae, 68.6% as TN and 

84.3% as TP respectively.  However, all the reactors showed that 

the natural water medium could provide the essential nutrients for 

algae growth. 

But the carbon source has a shortage of natural water medium. 

The nutritional content did not reach the necessary C ratio in the 

water medium. There must be another carbon source to support 

algae growth (Unpaprom et al., 2015). The possible extra source 

was CO2 in the air because this continuous study reached 4.5 years. 

More than 30% of the Raven et al. (2005) state that CO2 has been 

emitted into the atmosphere over the last 200 years because of 

burning fossil fuels and anthropogenic activities. Changes in land 

use are stored in the oceans. Consequently, the carbon-limited 

medium is good practice for utilizing atmospheric CO2 and could 

contribute to greenhouse reduction. 

 

Table 2. Physicochemical and biological analysis  

Parameter Medium mean 

and SDa 

Reactors 

mean and SDa 

Light Intensity (µmol-1m-2) - 27.02±2.23 

Temperature(°C) - 28.38±2.79 

pH 7.15±0.30 10.13±0.34 

DO (mg/L) 6.02±0.1.20 7.36±5.36 

Alkalinity (mg CaCO3/L) 102.48±20.72 46.39±1165 

COD (mg/L) 5.54±2.61 11.52±4.42  

NH4
- -N (mg N/L) 1.32±1.55 0.61±0.63 

NO3
- -N (mg N/L) 3.00±2.06 0.39±0.43 

NO2
--N (mg N/L) 1.35±1.72 0.08±0.11 

TKN (mg N/L) 2.55±2.36 1.52±1.32 

TN (mg N/L) 7.06±2.03 2.22±1.65  

TP (mg/L) 0.58±0.18 0.09±0.09  

CNP ratio 3.56:12.14:1 47.47:24.35:1 

TSS (g L-1) - 0.145±0.03  

VSS (g L-1) - 0.083±0.02  

FSS (g L-1) - 0.062±0.02  
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3.3 Evaluating protein content and overall yield efficiency in 

microalgal biomass 

 

Proteins comprise a significant fraction of the biomass of 

actively growing microalgae and cyanobacteria, although they are 

generally undervalued compared to minor products such as omega 

fatty acids (Wang et al., 2013). Algae are by far the best protein 

source, with four times the protein content of C3 macrophytes. In 

general, the algal proteins have a high nutritional value, being a 

rich source of aspartic acid, glutamic acid, and leucine, whereas 

threonine, lysine, tryptophan, sulfur amino acids, and histidine are 

limiting, but at higher levels than those found in terrestrial plants 

(Hernández-Carmona et al., 2009, Gressler et al., 2010).  

 

 
Figure 4. Time-series analysis of protein yield in microalgae 

 

Microalgal protein production in this study would be presented 

in Figure 4. The protein amount ranged from 10.06 to 27.69 

mg/L/day with a mean rate of 16.97±4.68 mg/L/day. The 

unsupplemented natural water medium could be a potential source 

for producing protein inexpensive method. Because of the 

increasing global demand for proteins in various industrial, 

diagnostic, and therapeutic applications, bioreactor systems are 

becoming more significant for producing large quantities of 

proteins, particularly in cases where traditional sources are limited 

due to cost and/or availability (Bhuyar et al., 2020; Patel et al., 

2022). This study's results demonstrated the potential natural water 

medium and growth system (as a photo-bioreactor). Since plenty 

of water resources were available, this study could be a good demo 

for utilizing natural resources and producing valuable protein for 

different applications. 

 

4. Conclusion 
 

This study develops a novel strategy employing freshwater 

mixed microalgal species grown in an autotrophic cultivation 

platform to produce protein biomass as desired. The utilization of 

natural water medium which came from the water body directly 

without any extra nutrition addition, demonstrated the potential to 

adopt the algal function. Our results supported the feasibility of 

cultivating freshwater microalgae by using stream water as a water 

source and a nutrient source. The atmospheric air CO2 is the extra 

carbon source for algae growth. This study demonstrated high 

biomass algae production and our results showed that proper 

operation could promote the production obviously despite natural 

water medium without any extra nutrition addition. Moreover, the 

natural water medium is a promising method to produce algal 

protein. Consequently, this study delivered a cost-efficient and 

environmentally sustainable way for biomass production in 

microalgae containing a reasonable protein content. 
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