
1 

 

Patricia Thornley  

Editor  

Biomass and Bioenergy  

4th October 2021  

 

Ms. Ref. No.: JBAB-D-21-01029  

Title:  Effects of water recirculation on microalgae assemblage and corresponding sustainability 

of the photobioreactor cultivation system 

 

Dear Dr. Patricia Thornley  

 

We appreciate the comments of the reviewers regarding this paper. As required, we have 

considered each, and every suggestion and question raised by the reviewers and have made the 

necessary modifications to the manuscript accordingly as advised in the re-revised manuscript. A 

“track changes” version is also submitted too.   

 

The following are our item-by-item responses to the editor and reviewer’s comments listed in the 

Table. 

No  Editor notes Response Page 

1 Carefully address the 

issues raised in the 

comments in your 

revised manuscript. 

 

We have carefully and thoroughly modified the 

manuscript based on the comments.  

 

2 Outline each change 

made (point by point) as 

raised in the comments 

AND/OR provide a 

suitable rebuttal to each 

comment not addressed 

As required, we have considered each and every 

suggestion and question raised by the reviewers and 

have made the necessary modifications to the 

manuscript accordingly as advised in the re-revised 

manuscript. The changes made were in the “track 

changes” version of the manuscript.  

 

 Reviewer 1 Comments Response  

1 The size of 

photobioreactor(100L) is 

not a pilot scale. Bigger 

size of operation would 

be more required. 

We agree that the bigger size of the operation would 

be better. Since this bioreactor was installed inside the 

MSU power plant. The size was designed according to 

the power plant available place. The “pilot” was 

removed from the manuscript.  

 

2 The comparison between 

freshwater and boiler 

water is not appropriate, 

and instead, the 

conditions of initial 

water, even in minor 

difference, must be 

exactly same to 

The characteristics of fresh water and boiler water 

were included and compared as the reviewer 

suggested. A table (Table 2) was added into the 

manuscript on Page 6. 
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thoroughly compare. 

3 In fig. 4, mass balance 

was calculated with 1 

ton, though all the 

experiments were 

performed in 100L. 

Thanks for the comments. A section addressing the 

scaling consideration was added at the beginning of 

the mass balance analysis section.  

 

9 

4 - To recirculate water, 

the centrifuge was 

employed, which 

consume tremendous 

energy with a risk of 

contamination. 

Therefore, additional 

experiments with natural 

gravity for the harvest 

must be performed. 

The energy consumption of the centrifuge was 

addressed and discussed in both energy and exergy 

analyses. The data indicate that the centrifuge 

operation is a “acceptable” step to do the separation 

more efficiently than other methods.   

29-

30 

5 - In fig. 4, flue gas of 

CO2 must be depicted 

with biological fixation. 

 

The CO2 capture has been added to the figure.  28 

6 The duration of 

photobioreactor 

operation was set as 1 

month. It will be better 

to attempt to reduce the 

operational duration such 

as 2~3weeks. 

A good suggestion to reduce the experimental time. 

However, once we designed the experiment, we 

factored some operational issues of the power plant 

(boiler shutdown, and flue gas pipeline maintenance) 

that may cause problems for our experiments. We then 

design each testing period a bit longer than it was 

supposed to be.  

 

 

7 Along with the microbial 

community analyses, it 

will be desirable to 

examine any metabolites 

in the suspension after 

microalgal cultivations. 

Short chain fatty acids such as formic acid, acetic acid, 

were not detectable using a HPLC method (data not 

shown).  It is a good suggestion. The metabolites in 

the suspension after microalgal cultivation are 

currently being investigated in our labs for the 

ongoing algae cultivations. The results from these 

cultivations will be reported in the coming 

manuscripts.  
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 Reviewer 2 Comments Response Page 

1 How is made the 

extrapolation from a 

PBR of 100 L to one of 1 

m3? the light 

transmission depends on 

the thickness of the 

culture and therefore will 

not be the same in the 

two cases, so the 

productivity cannot be 

extrapolated linearly. 

There are models that 

can be used for this. 

Based on the photobioreactor design (helix tubing), 1 

m3 is simply composed by ten units of 100 L helix 

tubing around a center upholding receiving tube. The 

light transmission of 1000 L reactor is the same with 

the 100 L reactor. The description was added to the 

manuscript.   

 

 

9 

2 The flue gas does not 

contain other gases that 

will be harmful to 

microalgae? What is the 

composition of the gas? 

it is constant throughout 

the study? 

The flue gas also contains NOx, O2, and N2. The 

composition of the flue gas is provided in the revised 

manuscript.  

 

6 

3 The composition of the 

recirculated water is 

missing; the authors 

repeatedly speak of a 

difference from the 

composition of 

freshwater. It is 

important to know the 

composition. 

Table 2 was created to present the compositions of 

freshwater and boiler water. Table 3 was created to 

present the elements for the culture media after 

harvesting algal biomass.  

 

6, 17 

4 Abstract: the authors 

state the use of flue gas 

in the abstract. What is 

not clear and which need 

to be clarified further by 

authors is mainly the use 

of recirculated boiler 

water. The flue gas was 

used in both cases. to 

avoid confusion, I think 

Thanks for the comments.  

the abstract has been modified according to the 

comment. 

1 
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this information should 

be removed from the 

abstract. 

5 why not give a mass 

flow rate? 

Since the composition of flue gas were measured 

based on the volume, the volumetric flow rates were 

more representative to reflect the experimental 

conditions. Thus, we used volumetric flow rate to 

describe the flue gas.   

  

 

6 Page 8, line 4: "Fastq" 

files 

A text-based format data files for storing nucleotide 

sequence (Fastq data files) was added to denote 

“Fastq”.  

8 

7 Page 13, line 28 to 57: 

Results were presented 

but no discussion was 

made to explain the 

differences obtained 

between the two media. 

please expand further. 

Most of the discussion on nutrient consumption is 

related to microbial community, which is discussed 

later in the paper. In addition, the entire section has 

been modified to include the results of other nutrients.  

15-

16 

8 Page 13; line 28 to 31: 

the total nitrogen 

consumption is not 

related to the high 

biomass production in 

the first two months? 

The pair-wise comparison of biomass productivities 

showed that there are no significant (P>0.05) 

differences between individual months of 4-month 

culture. The conclusion was drawn based on the 

statistical analysis.  

 

 

9 Figure 1b: A secondary 

y-axis could have been 

chosen for TN, so we 

will have the values of 

the other compounds in 

more detail. 

The figure has been modified according to the 

comment.  

 

16 

10 Page 14, line 28 to 31: 

"The biomass 

productivity data suggest 

that a four-month time 

period is an acceptable 

duration for water 

recirculation before 

recirculated water should 

be replaced with 

The statement has been deleted and the paragraph has 

been rearranged.  

17 
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freshwater". What 

criteria did you use to 

make this conclusion? 

11 Authors suggest total or 

gradual substitution of 

water? in the case of a 

gradual substitution, you 

did a test to see if the 

productivity increases or 

not?  

 

 

HRT = 2 days, which may be considered gradual 

substitution. This harvesting ratio is based on a 

previous study (already has been stated in paper), 

which was optimal for biomass productivity under 

freshwater conditions. Other harvesting ratios under 

recirculation conditions were not explored, as they are 

outside the scope of this study. 
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Effects of water recirculation on microalgae assemblage and corresponding sustainability 

of the photobioreactor cultivation system  

Carly Daiek, Wei Liao, Yan Liu* 

Biosystems and Agricultural Engineering, Michigan State University, East Lansing, MI 48824 

*: Corresponding author. Email: liuyan6@msu.edu  

ABSTRACT 

An algae photobioreactor (APB) was used to determine the effect of water recirculation 

on the growth of algal assemblage. CO2 in the flue gas from a power plant was the carbon 

source. Boiler water was used as the source water. The results showed that microalgae 

cultivation under recirculation conditions was stable over a period of four months. Biomass 

productivities during the 1st through 4th months of recirculation (0.26, 0.23, 0.20, and 0.18 g L-1 

d-1, respectively) were not significantly different than freshwater (0.22 g L -1 d -1). Furthermore, 

the relationship between eukaryotic and bacterial domains in the assemblage remained consistent 

throughout the four months of recirculation (80.7, 87.1, 83.1, and 82.1%, respectively, and 19.2, 

12.8, 16.9, and 17.8%, respectively). This was not significantly different than the abundance of 

each domain in the control freshwater cultivation (83.7% eukaryotic and 16.2% bacterial). A 1 

m3 photobioreactor was then envisioned for a mass, energy, and exergy analysis to evaluate the 

water recirculation on sustainability of the culture system. The mass balance analysis concluded 

that 98% reduction in water usage, 25% reduction in nitrogen, and 12.5% reduction in 

phosphorus could be achieved during cultivation operating under recirculation for one year, 

while maintaining biomass productivity of 1.2 kg wet algal biomass and sequestration of 0.4 kg 

CO2 per day. The exergy balance analysis concluded that without considering solar irradiation, 
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the culture with water recirculation greatly enhanced the rational exergy efficiency, which 

represents a more sustainable cultivation system for CO2 capture and utilization.    

Key Words: Chlorella sorokiniana, CO2 capture, exergy analysis, microbial community, algae 

photobioreactor 

Nomenclature 

APB Algae photobioreactor 

CO2 Carbon dioxide 

LCA Life cycle assessment 

TAP Tris-Acetate-Phosphate 

PPFD Photosynthetic photon flux density 

TN Total nitrogen 

TP Total phosphorus 

NO3-N Nitrate 

NH3-N Ammonia 

NMDS Non-metric multi-dimensional scaling analysis 

ANOVA Analysis of variance 

� Process exergy efficiency 

 

INTRODUCTION 

Carbon dioxide (CO�) is a major greenhouse gas and principal contributor to global 

climate change. A large source of emissions is derived from power generation, such as power 

plants, which accounted for approximately 38% of total energy-related CO2 emissions in 2018 
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[1]. While many methods for CO� mitigation exist, biological CO� sequestration through 

microalgae cultivation represents a possible solution to decrease atmospheric CO� and mitigate 

global warming.  

Microalgae have high capabilities to capture CO� and generate biomass, offering 

attractive advantages over other terrestrial sequestration methods. They are able to duplicate cell 

biomass 100 times faster than terrestrial plants, capture CO� 10-50 times more efficiently, and do 

not require arable land [2]. Certain strains of microalgae remain photosynthetically efficient 

under a large range of CO� concentrations [3]. In addition to CO� capture, microalgae biomass is 

characterized by high protein, lipid, and carbohydrate content, which provides a good source for 

value-added products including pharmaceuticals, biofuels, and nutritional supplements [3, 4]. As 

a result, microalgae cultivation offers an attractive solution for CO� capture from major carbon-

emitting sources such as power plants. 

Large-scale microalgae cultivations are typically performed under controlled conditions 

in either open or closed algae photobioreactor (APB) systems. Although open systems are 

characterized by lower capital and operating costs, closed APBs utilize CO2 more efficiently 

while also offering higher biomass productivity [5, 6].  However, several major technical 

challenges on large-scale algal cultivation hinder commercial algal production, including lack of 

long-term stability, high water and nutrient requirements, and an extremely large area 

requirement to balance industrial CO2 emissions [4, 5, 7], which lead to concerns of 

sustainability of such CO2 capture technology. Among them, freshwater consumption is a key 

challenge.  A constant supply of freshwater and certain inorganic nutrients are required to 

achieve and maintain high biomass productivity [8]. However, freshwater is a natural resource 

that is becoming increasingly scarce, as freshwater aquifers are currently facing unsustainable 
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rates of extraction [8]. Life cycle assessments (LCAs) find that the life cycle burden of 

microalgae cultivation comes from nutrient production occurring upstream of algae cultivation 

facilities [8]. Therefore, maximizing the efficiency of water and nutrient use is a critical factor in 

improving both feasibility and sustainability of the technology.  

Growth media recycling is a potential solution to address water and nutrient challenges in 

large-scale microalgae cultivation [3, 8-11]. Recirculation can reduce the freshwater requirement 

while also reducing nutrient usage. An LCA study performed by Yang et al found that when 

harvesting water was completely recycled, nutrient usage decreased by about 55% and 

freshwater usage decreased by 84% [8]. Fret et al achieved a 77% decrease in water and a 68% 

reduction in nutrients using media recirculation [11]. However, the full potential of media 

recirculation across many microalgal species has yet to be completely explored in the field of 

large-scale cultivation. 

This research studied a long-term media recirculation operation in an APB using the flue 

gas from a power plant. The objectives of the study were to minimize freshwater and nutrient 

usage, evaluate biomass production and algal assemblage stability of the cultivation under 

recirculation conditions, and conclude sustainability of the culture under media recirculation and 

freshwater conditions using mass, energy, and exergy analyses.   

MATERIALS AND METHODS 

Algal Assemblage 

The microalgae strain Chlorella sorokiniana MSU was isolated from the Great Lakes 

region for use in seeding the APB. C. sorokiniana isolates were stored on Tris-Acetate-

Phosphate (TAP) agar medium [12] at room temperature and exposed under constant fluorescent 



10 

 

light. Modified liquid TAP medium was used for the seed and start-up cultures. The modified 

TAP medium is based on a reference study [13] and contained the following substances: 3.75 

mmol L− 1 of NH4NO3, 0.34 mmol L− 1 of CaCl2 ∙ 2H2O, 0.4 mmol L− 1 of MgSO4 ∙ 7H2O, 0.68 

mmol L− 1 of K2HPO4 (anhydrous), 0.45 mmol L− 1 of KH2PO4 (anhydrous), and 0.09 mmol L -1 

FeCl3 ∙ 6H2O. Nutrient stock solutions were prepared using deionized water. Daily nutrient 

additions to the 100 L APB are presented in Table 1. Microalgae cultivations were performed in 

the closed, but not aseptic, APB.  

Table 1: Daily nutrient addition to the 100 L APB for both recirculation and freshwater cultures 

Component 
Recirculation culture  Freshwater 

culture Month 1 Month 2 Month 3 Month 4  

NH4NO3 (g/day/APB) 10.2 7.8 6.6 6  10.2 

K2HPO4 (g/day/APB) 2.6 2.6 2.2 2.2  2.9 

KH2PO4 (g/day/APB) 1.4 1.4 1.1 1.1  1.5 

CaCl2 ∙ 2H2O 

(g/day/APB) 
0.7 0.7 0.7 0.7  0.7 

MgSO4 ∙ 7H2O 

(g/day/APB) 
1.4 1.4 1.4 1.4  1.4 

FeCl3 ∙ 6H2O 

(g/day/APB) 
2.4 2.4 2.4 2.4  2.4 

  

 

Photobioreactor system and operations 

A PHYCO2 APB unit previously installed in the T.B. Simon Power Plant was used in this 

study. The configuration of the APB unit was detailed and illustrated in a previous publication 

[14]. All cultures were approximately 100 L. The culture was exposed to 24 h lighting conditions 

provided by twelve red and blue LED light bars (Independence LED Lighting LLC, USA). The 

LED light bars delivered a continuous photosynthetic photon flux density (PPFD) of 

approximately 407 µmol m-2 s-1 to support algae growth. PPFD was measured using an LI-190R 

Quantum Sensor and LI-250A light meter (LI-COR, Lincoln, Nebraska). Additional system 
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specifics of the APB are provided in previous studies [15, 16]. The natural gas fired flue gas, 

containing 7.5 ± 1.15% v/v of CO2, 3.2 ±  0.8% v/v of O2, and 76.9 ± 0.4 ppmv of NOx (the rest 

of the flue gas is nitrogen), was directly pumped from the stack into the APB at a flow rate of 

120 L/m3/min. The unit ran for approximately 7 months. Data used in this study were collected 

from May 2nd, 2019 to November 15th, 2019.  

Two semi-continuous cultures were cultivated under two water sources (recirculated 

boiler water and control freshwater). The characteristics of boiler water and freshwater are listed 

in Table 2. Due to the additions of sodium and phosphate to treat the boiler water, the contents of 

both chemicals were much higher than freshwater. While, freshwater contained more calcium, 

iron, zinc, and other minerals.   

Initial harvesting began once biomass productivity reached 0.22 g L-1 day -1. A 50% 

harvest ratio was previously optimized for maximizing biomass concentration and was thus the 

only harvesting ratio used in this study [15]. The specified water source (freshwater or boiler 

water) was used to refill the APB reactor after harvesting. Water was stored in a 380 L storage 

tank for up to 5 days before being fed into the APB. Boiler water was obtained directly from 

power plant boilers. Freshwater cultivation was performed using the tap water from Michigan 

State University. Under recirculation conditions, after centrifugation of biomass collection, the 

remaining broth was recirculated back to the APB. Nutrients were replenished to that of 

modified TAP media. The pH was maintained at 6.6 ± 0.09 for the freshwater treatment and 6.2 

± 0.27 for the recycle treatment.  

Table 2: Characteristics of boiler water and freshwater a 

Component (mg/L) Boiler water Freshwater 

Calcium (Ca) 2.71 175 

Phosphorus (P) 13.29 <1 
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Magnesium (Mg) 0.65 35 

Potassium (K) 0 <2 

Sodium (Na) 30.80 16 

Iron (Fe) 0.03 0.25 

Zinc (Zn) 0.02 0.11 

Copper (Cu) 0.04 0.29 

Manganese (Mn) 0.01 0.06 

Molybdenum (Mo) 0 0 

a: Value obtained from DairyOne Inc. 

 

Chemical analysis 

Samples were analyzed daily for dry biomass weight, pH, and nutrient concentrations 

(total nitrogen (TN), total phosphorus (TP), nitrate (NO3-N), and ammonia (NH3-N)). Algal 

biomass was concentrated for biomass productivity measurements using a Dolphin Alfa Laval 

MAB204 Centrifuge. Wet biomass was weighed and then dried at 105°C for 24 h for dry weight 

determination.  Sample pH was measured using a pH meter (Fisherbrand accumet AB15 + 

Basic, Fisher Scientific Co., Pittsburgh, PA).  Nutrient concentrations were tested in the liquid 

supernatant using nutrient test kits (HACH Company, Loveland, Colorado) equivalent to EPA 

methods [17]. Trace element analysis of the liquid supernatant, elemental analysis, and biomass 

composition of select samples was conducted by Dairy One (Ithaca, NY). Additional elemental 

(C, H, N, and S) analysis was conducted by Atlantic Microlab (Norcross, GA). 

Microbial analysis 

DNA Extraction 

Microbial community samples (1.5 mL) collected for DNA analysis were taken once per 

week throughout the study and stored at -20°C until extraction. To remove nutrient media, algae 

samples were centrifuged using an Eppendorf 5416R centrifuge at 10,000 rpm for 5 min and the 

supernatant was discarded. The remaining pellet was washed and resuspended once with 
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deionized water, and the supernatant was discarded. The final remaining pellet was used for 

DNA extraction using a DNeasy PowerSoil DNA Isolation Kit (Qiagen, Germany). DNA 

extracts were eluted with 100 µL of 10 mM Tris-HCl (pH 8.5) and the concentration and purity 

were determined using a NanoDrop Lite spectrophotometer (Thermo Fisher Scientific, USA). 

Extracted DNA samples were stored at -80°C for several weeks before use in real-time PCR 

quantification and high-throughput sequencing (Illumina MiSeq flow cell).  

Illumina preparation and sequencing 

Illumina sequencing was performed for the 16S rRNA gene region to assess the bacterial 

community. The PCR conditions were as follows: 1.0 µL DNA template (10x diluted of 

microbial community DNA), 0.5 µL of 100 µM forward primer (IDT, Pro341F 5’-

CCTACGGGNBGCASCAG-3’), 0.5 µL of 100 µM reverse primer IDT, Pro805R 3’-

GACTACNVGGGTATCTAATCC-5’), 12.5 µL 2x Supermix (Invitrogen, USA), and 10.5 µL 

PCR grade water. The PCR program used for all assays were as follows: 96°C for 2 min, 

followed by 30 cycles of 95°C for 20 s, 52°C for 30 s, and 72°C for 1 min, and a final elongation 

period of 72°C for 10 min. Amplicons were quality-tested and size-selected using gel 

electrophoresis (1.0% (w/v) agarose concentration and 1× TAE run buffer). Samples were then 

diluted to normalize DNA concentrations within 5-10 ng µL-1 by measuring the DNA 

concentration with the PicoGreen dsDNA quantitation assay (Invitrogen, USA) and Fluostar 

Optima microplate reader (BMG Labtech, Germany). The normalized PCR products were then 

sequenced at the Michigan State University (MSU) Research Technology Support Facility 

(RTSF). Illumina MiSeq (pair-end 250 bp) targeting on V3_V4 hypervariable regions was used 

to carry out the sequencing. Text-based format data files (FASTQ data files) that store the 
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information of nucleotide sequences from the high-throughput sequencing were analyzed using 

the QIIME2 database to generate taxonomic/phylogenetic data for statistical analysis [18]. 

Statistical analysis 

All statistical analyses were performed using R statistical software (Version 3.6.3). The 

data with normal distribution and equal variance were analyzed using a one-way analysis of 

variance (ANOVA). When data violated the normality assumption and equal variance, the 

Kruskal-Wallis test was used. Tukey and Conover’s pair-wise rank comparison post-hoc tests 

were used following ANOVA and Kruskal-Wallis tests, respectively. A significance value of α = 

0.05 was used for all tests.  

Microbial analysis was performed using the R libraries Vegan, ggplot2, phyloseq, and 

MASS on taxonomic/phylogenetic data to graph the relative abundances of samples. Non-metric 

multi-dimensional scaling analysis (NMDS) was then used to correlate the dissimilarities 

between culture conditions, reactor performance, and phenotype abundance.  

Mass balance analysis 

A mass balance analysis was conducted on a 1 m3 APB unit to compare freshwater and 

recirculation cultivation. The envisioned APB unit has 10 tubes, each of which is the same size 

as the tested APB unit. The tubes share the same upflow tube, so that the 1 m3 APB could have a 

similar performance as the tested unit. The gas transfer in the APB is operated through airlift, 

which requires a high inlet flue gas flow rate of 212.5 kg per day. A 50% harvesting ratio is used 

for both scenarios. Flue gas CO2 removal rate is based on biomass productivity and carbon 

content of algal biomass under each condition. After separation of biomass from the medium 

using a centrifuge, the medium is discarded under freshwater conditions or reintroduced to the 
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APB under recirculation conditions. Slightly overdosing nutrients is a common practice to 

prevent nutrient limitation [11]. Using this practice, any discharged media contains a fraction of 

the initial nutrient content. All performance parameters are based on the experimental data from 

the 100 L APB unit.  

Energy balance analysis 

An energy balance analysis was conducted for the 1 m3 APB unit based on the data from 

the 100 L APB. The electricity input for the LEDs was based on an average photosynthetic 

photon flux density (PPFD) of 407 μmol m-2 s-1 and reactor surface area of 46.2 m2. PPFD was 

converted to electrical input using the conversion factor of 1 w m-2 to 2.1 μmol m-2 s-1 [19]. The 

centrifuge is a 5 kW unit and the average running time is 3 min d-1. The harvesting water pump is 

a 0.5 kW unit with an average running time of 8 min d-1. The water refill pump is a 0.5 kW unit 

with an average running time of 8 min d-1. The inlet centrifuge pump is a 0.5 kW unit and runs 

for 3 min d-1. The outlet centrifuge pump is a 0.5 kW unit and runs for 3 min d-1. The flue gas 

pump is a 0.146 kW unit with an average running time of 24 h d-1. The energy content of algal 

biomass as a biofuel was not considered in the energy balance calculation. 

Exergy analysis 

An exergy analysis was conducted on microalgae biomass accumulation under 

recirculation and freshwater conditions, based on the reference approach [20]. The mass and 

energy balance data were used to carry out the exergy analysis. The exergy flow rates of 

individual compounds were calculated as the sum of their physical and chemical exergy flow 

rates: 

�� � =  �
 � 
�� +  �
 �

��
        Equation 1 
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where k is the kth component in the process, �
 � 
�� is the chemical exergy rate (kW) of the kth 

component, �
 �
��

 is the physical exergy rate (kW) of the kth component, and �� � is the process 

exergy rate (kW) of the kth component. �
 � 
�� and �
 �

��
 are defined as follows: 

�
 � 
�� =  

��∙��
��

�����
         Equation 2 

�
 � 
��

=  
��

�����
(ℎ − ℎ� − ��(� − ����      Equation 3 

where �� is the mass flow rate (kg/day) of the kth component,  �
�� is the specific chemical 

exergy (kJ/kg) of the kth component; ℎ and � are the specific enthalpy (kJ/kg) and specific 

entropy (kJ/kg•K), respectively, at the given conditions, ℎ� and �� are the specific enthalpy and 

specific entropy of the reference environment, respectively, 86400 is the conversion factor of day 

to second, and �� is the reference temperature (298.15 K). The specific chemical exergy ( �
��) 

values of total nitrogen (TN), total phosphorous (TP), potassium (K), calcium (Ca), sodium (Na), 

magnesium (Mg), iron (Fe), and CO2 are 23,007 kJ/kg nitrogen (based on N in ammonia), and 

4,330 kJ/kg phosphorous (based on P in phosphate), 9,378 KJ/kg (based on potassium ion), 

18,191 kJ/kg (based on calcium ion), 6,029 kJ/kg (based on sodium ion), 25,765 kJ/kg (based on 

magnesium ion), 6679 kJ/kg (based on iron ion), and 452 kJ/kg, respectively [21-23], which will 

be used to calculate process exergy rates. The physical exergies of components with similar 

temperatures to the reference environment were negligible in comparison with chemical exergy 

rates.  

The rational exergy efficiency (ψ) was calculated as the desired exergy output divided by 

the used exergy input: 
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� =
!"#$%&#"

'()

!($#"
%* × 100%        Equation 4 

where �/01230/
456  is the exergy rate (kW) of the desired product in the output stream and �510/

27  is 

the exergy (kW) used deduced from the exergies of wasted (�89160
456 ) and desired (�/01230/

456 ) 

products and irreversibility (I) of the system. �/01230/
456  and �510/

27  are defined as followed: 

�/01230/
456 = �:;<9; �24�911

456 + �=9603 27 9;<9; �24�911
456     Equation 5 

�510/
27 = �/01230/

456 + > + �89160
456       Equation 6 

where �:;<9; �24�911
456  is the exergy rate (kW) of the desired algal biomass product and 

�=9603 27 9;<9; �24�911
456  is the exergy rate (kW) of the water in the desired product. > is the 

irreversibility or exergy destruction (kW) of the process and �89160
456  is the sum of the exergy 

rates (kW) of the undesirable products in the output stream. > and �89160
456  are defined as 

followed: 

> = �6469;
27 − �6469;

456         Equation 7 

�89160
456 = �=9603

456 + �?@
456 + �?A

456 + �B
456 + �C<

456 + �D9
456 + �@9

456 + �E0
456 + �DF�

456  

          Equation 8 

where �6469;
456  is the total exergy in the output stream (kW) and �6469;

27  is the total exergy in the 

input stream (kW). The component calculation of �6469;
27  and �6469;

456  is expressed as followed: 
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�6469;
27 = �=9603

27 + �?@
27 + �?A

27 + �B
27 + �C<

27 + �D9
27 + �@9

27 + �:762G49�
27 + �DF�

27

+ �H4;93 2339/296247
27 + �I�03<J G43 G;50 <91 �5��

27 + �I�03<J G43 89603 30G2;;27< �5��
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27 + �I�03<J G43 16439<0 �5��
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+ �I�03<J G43 �07632G5<0 �5��
27  

          Equation 9 

�6469;
456 = �=9603

456 + �?@
456 + �?A

456 + �B
456 + �C<

456 + �D9
456 + �@9

456 + �E0
456 + �DF�

456 + �:;<9; �24�911
456

+ �=9603 27 9;<9; �24�911
456  

          Equation 10 

The most significant exergy demand is from solar or illumination energy, which accounts 

for more than 94% of the total daily exergy demand. As solar energy remains constant under 

water recirculation and freshwater conditions, rational exergy without solar energy was 

considered in order to delineate differences of lesser magnitude between the two conditions. 

Rational exergy efficiency without considering solar energy (ψ without solar irradiation) was calculated 

as the desired exergy output divided by the used exergy input without solar energy: 

�826�456 14;93 2339/296247 =
!"#$%&#"

'()

!($#" L%)�'() $'MN& %&&N"%N)%'*
%* × 100%   Equation 11 

where �510/ 826�456 14;93 2339/296247
27  is  the exergy (kW) used deduced from the exergies of 

wasted (�89160
456 ) and desired (�/01230/

456 ) products and irreversibility (>826�456 14;93 2339/296247) of 

the system, without solar energy. �510/ 826�456 14;93 2339/296247
27  is defined as: 

�510/ 826�456 14;93 2339/296247
27 = �/01230/

456 + >826�456 14;93 2339/296247 + �89160
456   Equation 12 
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where >826�456 14;93 2339/296247 is the irreversibility (kW) of the process without solar energy,  

>826�456 14;93 2339/296247 is defined as: 

 >826�456 14;93 2339/296247 = �6469; 826�456 14;93 2339/296247
27 − �6469;

456   Equation 13 

 

RESULTS AND DISCUSSION 

Effects of water recirculation on algae growth, nutrient consumption, and biomass 

composition 

The continuous cultures were conducted using the APB to investigate the effects of water 

recirculation on algal biomass production, composition, and nutrient consumption. The data 

demonstrate that water recirculation does not impact biomass growth in terms of biomass 

productivity compared to freshwater conditions. The data also suggest that while there were 

significant differences in nutrient consumption, these trends do not significantly impact total 

biomass production or composition between conditions.  

Monthly biomass productivity (Fig. 1a and Table S1) and nutrient consumption (Fig. 

1b&1c and Table S2) were analyzed to determine the optimal recirculation period until 

recirculated water should be replaced with freshwater. Although biomass productivity showed a 

decreasing trend over a period of four months of water recirculation, the 1st through 4th months of 

the recirculation culture showed no significant differences (P > 0.05) in biomass productivity 

(0.26, 0.23, 0.20, and 0.18 g L-1 d-1, respectively) in comparison to the freshwater culture (0.22 g 

L-1 d-1). 
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The nutrient elements that remained in the harvested culture media after harvesting algal 

biomass are presented in Table 3. Based on the remaining nutrient contents, the nutrient 

consumptions for both recirculation and freshwater cultures were calculated (Fig. 1b and 1c). TN 

consumption during the 1st and 2nd months of recirculation (28.3 and 30.0 mg TN L-1 d-1, 

respectively) was significantly different (P < 0.5) than freshwater (22.0 mg TN L-1 d-1), but was 

not significantly different (P > 0.05) during the 3rd and 4th months (20.6 and 22.9 mg TN L-1 d-1, 

respectively) than freshwater. NH3-N consumption was significantly different (P < 0.05) than 

freshwater during the 2nd, 3rd, and 4th months of recirculation (9.1, 7.0 and 6.9 mg NH3-N L-1 d-1, 

respectively), but was not significantly different (P > 0.05) than freshwater (11.9 mg NH3-N L-1 

d-1) during the 1st month of recirculation (11.1 mg NH3-N L-1 d-1). NO3-N consumption also 

showed significant differences (P > 0.05) during the 1st, 2nd and 4th months (12.9, 11.7, and 11.3 

mg NO3-N L-1 d-1, respectively), but was not significantly different (P > 0.05) than freshwater 

(6.1 mg NO3-N L-1 d-1) during the 3rd month (7.41 mg NO3-N L-1 d-1). TP consumption was 

significantly different (P < 0.05) during the 1st and 3rd months of recirculation (3.3 and 1.9 mg 

TP L-1 d-1, respectively) but was not significantly different (P > 0.05) than freshwater (2.6 mg TP 

L-1 d-1) during the 2nd and 4th months of recirculation (2.8 and 2.2 mg TP L-1 d-1, respectively).  

As for the elements of Ca, Mg, K, Na, Fe, Zn, Cu, Mn, and Mo, the amounts of Ca, Fe, 

Zn, Cu, Mn, and Mo remaining in both culture media were not significantly (P>0.05) different 

from each other (Table 3). However, the elements of Mg, K, and Na in the recycled media 

(averages of 51, 232, and 31 mg/L, respectively) were significantly (P>0.05) higher (38, 9.4, and 

23 mg/L, respectively) than in the media of the freshwater culture (Table 3). The source waters 

and recirculation culture conditions both contribute to these differences. Particularly, the K 

content in the recirculation cultures was 25 times higher than it in the freshwater culture due to 
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the addition of K2HPO4 and KH2PO4. According to the algae growth under both culture 

conditions, high K contents did not show negative influences on biomass accumulation.  

 
(a) 

 
(b) 
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(c) 

Figure 1: Biomass production and nutrient consumption. (a) Biomass productivity over a 4-

month recirculation period compared with freshwater. (b) Nitrogen consumption over a 4-month 

recirculation period compared with freshwater. (c) Phosphorus consumption over a 4-month 

recirculation period compared with freshwater.  

Table 3: Elements in the harvested culture media after collecting the algal biomass a 

Component (mg/L) 
Recirculation  

Freshwater 
Month 1 Month 2  Month 3 Month 4  

Nitrogen (TN)a 16.26±5.57 11.67±4.57 5.27±1.48 7.57±2.35  21.11±9.76 

Phosphorus (TP)a 14.61±3.67 23.32±2.26 27.12±2.32 20.87±5.00  6.05±0.89 

Calcium (Ca)b 115.07±0.72 114.16±9.45 103.18±2.09 98.46 c  114.23±5.02 

Magnesium (Mg)b 50.62±1.98 51.45±3.24 51.35±0.30 49.08 c  38.48±1.07 

Potassium (K)b 142.49±32.99 214.60±7.07 281.00±8.49 289.60 c  9.40±0.89 

Sodium (Na) b 30.71±3.63 33.44±3.90 33.63±9.49 27.62  22.51±4.20 

Iron (Fe) b 0 0.19±0.16 0.13±0.01 0.26  0.03±0.04 

Zinc (Zn)b 0 0 0.01±0.01 0 c  0 

Copper (Cu)b 0.06±0 0.08±0 0.08±0.03 0.06 c  0.08±0 

Manganese (Mn)b 0.02±0.02 0.02±0.03 0.01±0.01 0 c  0.03±0.04 

Molybdenum (Mo)b 0.02±0 0.02±0 0.02±0 0.02 c  0.03±0.01 
a: The data are the average of daily samples during the testing periods with a standard deviation. The daily data are 

presented in Table S2 in the supplemental materials.  

b: Parameters were analyzed by DairyOne Inc. Data are the average of two samples with a standard deviation.  

c: The data for the recirculated samples in Month 4 are from one biological sample.  

 

Biomass productivity of the recirculation conditions was not significantly different than 

the freshwater conditions during the four months of the experiment without replacing the boiler 
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water, regardless of differences in monthly nutrient consumption. Biomass components (both 

elements and macromolecules) between recirculation and freshwater conditions showed similar 

content (Table 4), suggesting that recirculation did not affect biomass composition. However, 

four months of recirculation is a conservative recirculation estimate, as the 4th month did not 

show significant differences in biomass productivity compared to the freshwater condition. Thus, 

the actual maximum recirculation period under the recirculation conditions cannot be concluded.  

Table 4: Biomass composition under recirculation and freshwater conditions 

Component (% of biomass) Recirculation Freshwater 

C 
a
 46.2 ± 0.89 46.4 ± 0.44 

H 
a
 7.1 ± 0.05 7.1 ± 0.08 

O 
c
 32.3 ± 1.08 30.5 ± 0.09 

N a 8.5 ± 0.35 8.7 ± 0.27 

P b 1.9 ± 0.10 2.4 ± 0.25 

S 
a,b

 0.6 ± 0.09 0.6 ± 0.09 

Carbohydrate 
b, d

 19.2 ± 2.61 19.5 ± 2.44 

Lipid 
b
 12.2 ± 0.47 9.7 ± 1.68 

Protein 
b
 59.1 ± 2.47 58.6 ± 2.41 

Ash 
b
 9.6 ± 0.36 12.2 ± 1.52 

a: Parameters were analyzed by Atlantic Microlabs 

b: parameters were analyzed by DairyOne Inc. 

c: Value obtained through calculating 100 - SUM (macro and micronutrient composition). No ash 

included.  

d: Carbohydrates = NFC + NDF. 

 

 

Effects of water recirculation on algal assemblage   

Microbial community composition is a useful indicator for APB system operational 

status. The unique co-culture assemblage was monitored to further assess APB stability under 

recirculation conditions. Illumina library preparation and amplicon sequencing were performed 
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at the MSU RTSF and QIIME 2™ was used for microbial community analyses. The rarefaction 

analysis indicates sufficient sample coverage (Fig. S1a). A rank abundance curve with a steep 

gradient at the rank less than 30 indicates low evenness as the high-ranking species (algae) have 

higher abundances than the low-ranking species (bacteria) in the samples (Fig. S1b). One-way 

ANOVA of the water sources on Shannon’s index (H) and Pielou’s index (J) shows that there are 

no significant (P>0.05) differences in alpha-diversity and evenness of algal assemblages between 

recirculation and freshwater conditions (Fig. S2).  

Sequence analysis showed a high abundance of cyanobacteria, which is known to have 

85-93% 16s rRNA gene sequence similarity with microalgal strain C. sorokiniana [24]. Further 

analysis through microscopic imaging did not indicate the presence of cyanobacteria, which are 

frequently characterized by blue-green color and various shapes, sizes, and forms, unlike C. 

sorokiniana [25]. Thus, the sequence was interpreted as microalga C. sorokiniana for all further 

analyses.  

The algae-bacteria assemblage was monitored to further assess APB stability under 

recirculation conditions. Microbes with less than 0.5% of relative abundance are not discussed. 

The relative abundances of the dominant microbial communities at three taxonomic levels 

(Domain, Phylum, and Class) are presented in Fig. 2. Communities are shown over a four-month 

recirculation time period and under freshwater conditions. These communities belong to a total 

of 2 domains, 8 phyla, and 9 classes. The domains present are eukarya (containing microalgal 

species of interest, C. sorokiniana) and bacteria (Fig. 2a). The dynamic data over the 

recirculation period show that the relationship between bacteria and algae abundance remained 

relatively stable. No significant differences (P > 0.05) were observed for eukarya abundance in 

the 1st through 4th month of recirculation (80.7, 87.1, 83.1, and 82.1%, respectively) in 
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comparison to freshwater conditions (83.7%). Similarly, no differences (P > 0.05) in abundance 

were observed in the bacterial domain for the 1st through 4th month (19.2, 12.8, 16.9, and 17.8%, 

respectively) compared to freshwater conditions (16.2%). 

 

(a) (b) 

 

(c) (d) 

 

Figure 2: Relative abundance of bacterial communities. a) at the domain level. b) at the phylum 

level. c) at Proteobacteria class level. d) at Bacteroidetes class level. 

At the bacterial phylum level, Proteobacteria (9.5-16.8%), Bacteroidetes (1.5-5.3%), and 

Bacteria unclassified (0.3-2.5%) abundance dominated both freshwater and recirculation 

communities (Fig. 2b). These findings are consistent with other environmental and large-scale 

microalgae cultivation studies [26, 27]. 
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The phylum Proteobacteria (Fig. 2c) was the most abundant group under both freshwater 

and recirculation conditions. Proteobacteria abundance in the 1st month of recirculation (16.8%) 

was significantly higher (P < 0.05) than during freshwater conditions (9.5%) while the 2nd, 3rd 

and 4th months of recirculation (10.1, 11.1, and 12.5%, respectively) showed no significant 

difference (P > 0.05). Under recirculation conditions, Proteobacteria unclassified was the most 

abundant (6.5-11.7%) class, followed by Alphaproteobacteria and Betaproteobacteria (2.0-4.2% 

and 0.7-1.1%, respectively). Under freshwater conditions, Alphaproteobacteria and 

Betaproteobacteria were the most abundant classes (4.1 and 3.9%, respectively), followed by 

Proteobacteria unclassified (1.3%). No significant differences (P > 0.05) were observed for 

Alphaproteobacteria abundance during the 1st through 4th months of recirculation (4.2, 2.9, 2.9, 

and 2.0%, respectively) when compared with freshwater conditions (4.1%). However, significant 

differences were identified in the abundance of the Betaproteobacteria and Proteobacteria 

unclassified classes. Betaproteobacteria abundance was significantly less (P < 0.05) during the 1st 

through 3rd months of recirculation (1.0, 0.7, and 1.1, respectively) compared to freshwater 

conditions (3.9%), although the 4th month showed no difference (0.9%). Proteobacteria 

unclassified abundance was significantly higher (P < 0.05) during all four months of 

recirculation (11.7, 6.5, 7.1, and 9.5%, respectively) compared to freshwater conditions (1.3%). 

The Bacteroidetes phylum (Fig. 2d) was another dominant bacterial group among 

recirculation and freshwater. No significant differences (P > 0.05) were observed between any 

months of recirculation (1.5, 2.3, 5.3, and 4.9%, respectively) when compared to freshwater 

conditions (4.1%). However, significant differences (P < 0.05) were observed between the 

months of recirculation. Under both freshwater and recirculation conditions, the most abundant 

class within Bacteroidetes was [Saprospirae] (phylum is disputed) (1.1-4.4%). No significant 
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differences (P < 0.05) in [Saprospirae] were observed between the 1st through 4th months of 

recirculation (1.1, 1.9, 4.4, and 2.9%, respectively) when compared with freshwater abundance 

(2.8%). Although, significant differences (P < 0.05) were observed between months of 

recirculation. 

Non-metric multidimensional scaling (NMDS) analysis was conducted to determine the 

linkage of 16S rRNA gene sequences to environmental conditions (Fig. 3a) and recirculation 

time (Fig. 3b). Experimental condition, significant operational parameters, and key bacterial 

groups were compared with microbial community distances to determine the interaction between 

microbial community, environmental condition, and water recirculation time. Recirculation 

conditions significantly (P=0.001) shifted the microbial communities (green ellipses in Fig. 3a), 

as did time (P=0.001) of recirculation (red ellipses in Fig. 3b). One bacterial phylum 

(Bacteroidetes) and three bacterial classes (Betaproteobacteria, [Saprospirae] and Proteobacteria 

unclassified) were significantly (P < 0.05) influenced under recirculation and freshwater 

conditions. Additionally, one bacterial phylum (Bacteroidetes) and two bacterial classes 

(Alphaproteobacteria and [Saprospirae]) were significantly (P < 0.05) influenced by the time of 

recirculation.  

Bacteroidetes was affected by both culture condition and recirculation time. Most 

notably, Fig. 3b shows the increased abundance of Bacteroidetes over the increasing time of 

recirculation. Members of the Bacteroidetes phylum are highly diverse but are frequently 

recognized as specialists for degrading complex organic matter, such as proteins and 

carbohydrates [27]. The accumulation of organic matter over the recirculation period, such as 

algal cell components, is a potential carbon and energy source for Bacteroidetes. Unlike 



28 

 

freshwater conditions, the accumulation of unassimilated compounds is a critical consideration 

for recirculated media.  

The class [Saprospirae], was found to be the most abundant class within Bacteroidetes 

and was also significantly affected by culture condition and time. Recirculation time (Fig. 3b) 

showed a clear relationship with [Saprospirae], with relative abundances increasing over time. 

Further analysis showed that Chitinophagaceae was the dominating bacterial family from the 

[Saprospirae] class. Previous studies suggest that Chitinophagaceae may provide molecules and 

enzymes which act as potential stimulants for plant growth [28]. Another study [29] on algal-

bacteria symbiosis also reported the presence of Chitinophagaceae in association with algal 

growth in wastewater, and suggests that the growth of this bacterial group was favored due to its 

co-existence with algae.  

 

 

(a) 

 
(b) 
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Figure 3: Non-metric multidimensional scaling (NMDS) analysis of microbial community 

relative abundance for the APB system*. a.) Culture condition. b.) Water recirculation time. *: 

Green ellipses indicate culture condition and red ellipses indicate recirculation time. The red 

arrows indicate significant operational parameters (P < 0.05) of the APB. Blue arrows indicate 

significant microbial groups (P < 0.05).  

 

Fig. 3a suggests that significant changes in TN and NO3-N consumption (P=0.034 and 

P=0.001, respectively) occurred under recirculation conditions. This trend may indicate that the 

bacterial consortia utilized nitrogen compounds differently between freshwater and recirculation 

culture conditions. Betaproteobacteria, for example, was found to be significantly influenced 

(P=0.001) by culture conditions, showing a higher relative abundance under freshwater 

conditions than during recirculation. The Betaproteobacteria class is known to contain many 

species of ammonia oxidation bacteria [30], which provides a possible explanation for 

differences in nitrogen consumption patterns among culture conditions. 



30 

 

A particularly interesting study conducted by Sambles et al discusses microbial 

community changes in an algae-bacteria co-culture due to repeated rinsing. Certain groups, such 

as Alphaproteobacteria, increased after rinsing [31]. Under recirculation conditions, 

Alphaproteobacteria was shown to decrease over time. It is possible that rinsing with freshwater 

may provide a favorable environment for this group of bacteria. Sambles et al also identified 

certain bacterial orders that were not removed from the culture by rinsing, while others were 

removed after rinsing [31]. This suggests that microbes not removed by rinsing were likely very 

closely associated or attached to algal colonies [31]. Bacteria unclassified and Proteobacteria 

unclassified were shown to be affected by culture condition and/or recirculation time. Although 

these bacterial groups could not be further classified beyond the domain and phylum levels, 

respectively, speculations can be made as to why differences in abundance exist between 

conditions. It is possible that daily harvesting disrupts algae-bacteria relationships. While this 

disruption remains permanent under freshwater conditions, media recirculation may reinforce 

such relationships, as previously rinsed microbes are eventually re-introduced into the system. 

More detailed relationships such as this are likely masked under currently unclassified groups. 

Furthermore, although biomass productivity under recirculation was not found to be 

significantly different than freshwater, it is clear in Fig. 3b that biomass productivity showed an 

overall decreasing trend over the recirculation period. These results are consistent with similar 

small-scale algae cultivation studies on media recirculation in microalgae cultivation [11]. It 

remains uncertain why biomass decreased over recirculation. One potential cause for decrease 

may include unidentified pathogenic bacteria that were allowed to grow under prolonged 

residence time within the system and harm algal cells. Some species in the order of Cytophagia, 

for example, are capable of lysing a variety of algae cells [26]. Another possible factor is the 
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gradual accumulation of substances that may be detrimental to algal health. Potential 

accumulating substances could be inhibitory compounds from bacterial or algal cells, nutrients, 

minerals, or antifoaming agents used to control foaming during algae cultivation. Compounds 

such as inhibitory substances and antifoaming agents are not assimilated into the microalgae 

biomass, allowing concentration to rise as media is recirculated. Select nutrients and minerals, 

such as K and P were also found to accumulate within the reactor, as algal biomass consumption 

rate was likely less than the amount added each day.  

Microbial analysis in this study demonstrated that the relationship between microalgae 

and bacteria domains was relatively stable for the recirculation period and did not display major 

differences between conditions. However, it is apparent that the intricacies and complexities of 

microbial community on biomass growth cannot be fully characterized by the obtained results. 

Understanding microbial community structure and function within microalgae cultivation is 

essential for large-scale microalgae cultivation. To determine the true stability and functional 

relationships between microalgae and bacteria, a more detailed analysis of dynamic changes of 

community structure and function is needed. 

Mass and energy balance of the water recirculating photobioreactor system 

Using experimental data, a mass and energy balance analysis was conducted on a 1 m3 

APB unit (Fig. 4 and Table 5). Under freshwater conditions, the 1 m3 unit produces 1.1 kg of wet 

algal biomass per day (Fig. 4a). The culture sequesters 0.4 kg of CO2 per day. 500 kg of water is 

required each day to replenish 498.9 kg of water discharged from centrifuging and to replace 

water contained in algal biomass. Considering the nutrient contents in the freshwater and daily 

nutrient addition, the amounts of nitrogen, phosphorus, potassium, calcium, sodium, magnesium, 

and iron to feed the 1 m3 APB unit are 0.036, 0.008, 0.017, 0.070, 0.008, 0.001, and 0.005 
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kg/day, respectively. After the 24-hour cultivation, the amounts of corresponding elements in the 

discharged water from the APB are 0.011, 0.003, 0.005, 0.057, 0.011, 0.019, and 0.000015 

kg/day.   

 

(a) 

 
(b) 

 

Figure 4: Mass balance of the APB unit with a volume of 1000 L*. a.) Mass balance under 

freshwater conditions. b.) Mass balance under recirculation conditions.  
*: Calculation of CO2 fixation under freshwater conditions is based on microalgal cell formula: 

CH1.84O0.49N0.16P0.020S0.005Fe0.009K0.008Ca0.005Mg0.003 

*: Calculation of CO2 fixation under recirculation is based on microalgal cell formula: 

CH1.84O0.52N0.16P0.016S0.005Fe0.006K0.009Ca0.003Mg0.003 
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Under recirculation conditions, the photobioreactor produces 1.2 kg of wet algal biomass 

per day (Fig. 4b). The culture also sequesters 0.4 kg of CO2 per day. The daily nutrient additions 

are 0.027, 0.007, 0.014, 0.018, 0.0005, and 0.005 kg/day for nitrogen, phosphorus, potassium, 

calcium, magnesium, and iron, respectively. After the daily harvesting of algal biomass, the 

recirculated water of 495.8 kg containing 0.005, 0.011, 0.116, 0.054, 0.016, 0.00001, and 

0.00072 kg/day of nitrogen, phosphorus, potassium, calcium, sodium, magnesium, and iron, 

respectively is mixed with 4.2 kg of makeup freshwater and the daily nutrient additions to feed 

the APB.   

The mass balance analysis shows that for 1-year cultivation operating under recirculation 

conditions, approximately 179,000 kg of freshwater, 3.2 kg of nitrogen, 0.37 kg of phosphorus, 

1.1 kg of potassium, 19 kg of calcium, and 0.22 kg of magnesium can be saved (Table 5). 

Significant reductions of 98%, 25%, 12.5%, 17.6%, 74%, and 54.5% in corresponding 

compounds are achieved by the recirculation of boiler water for cultivation. 

Table 5: Resources saved of the envisioned 1000 L algae photobioreactor  

for 1-year operation under recirculation conditions*. 
 

Resource Amount Saved (kg) Reduction 

Freshwater 179,000 98 % 

Nitrogen 3.2 25 % 

Phosphorus 0.37 12.5 % 

Potassium 1.1 17.6% 

Calcium 19.0 74% 

Magnesium 0.22 54.5% 
*: The calculation was based on the mass balance and operational data in comparison with freshwater 

treatment conditions. 4-month water usage is for the recirculation culture before the boiler water is replaced.  

 

The energy balance analysis shows that a net energy input of 219 kWh-e unit -1 day -1 is 

required to power the APB unit under both freshwater and recirculation conditions (Table 6). 

The electricity demands for the LED lights and centrifuge are 215 and 0.25 kWh unit -1 day -1, 



34 

 

respectively. The energy required for the APB water addition and culture harvesting pumps are 

0.07 and 0.07 kWh unit -1 day -1, respectively. The energy required for centrifugation pumps is 

0.03 kWh unit -1 day -1, each. The energy requirement for the flue gas pump is 3.50 kWh unit -1 

day -1. The most significant energy demand comes from the electrical input to the LED lights, 

which accounts for 98% of the total daily energy demand. To reduce the total energy cost of 

LED, integrating solar energy into the operating system is a potential solution.    

Table 6: Energy balance of the envisioned 1000 L algae photobioreactor * 

Component Energy Required 
 

Electrical input to LED lights (kWh/unit/day) -215 

Electrical input to centrifuge (kWh/unit/day) -0.25 

Electrical input to water addition (kWh/unit/day) -0.07 

Electrical input to culture harvesting (kWh/unit/day) -0.07 

Electrical input to centrifuge pump (tank to centrifuge) (kWh/unit/day) -0.03 

Energy input to centrifuge pump (centrifuge to sink) (kWh/unit/day) -0.03 

Energy input to flue gas pump (kWh/unit/day) -3.50 

Net energy (kWh-e/unit/day)  
 

-219 
 

*: The energy balance analysis was based on the mass balance and pilot operational data. Energy input is 

negative and energy output is positive.  

Exergy analysis of the water recirculating photobioreactor system 

An exergy analysis was conducted to evaluate effects of the water recirculation on 

environmental sustainability of the culture system with and without solar energy input. The 

detailed exergy rates of inputs and outputs (including both chemical compounds and process 

energy usages) are presented in Tables S3 and S4. Rational exergy (�) efficiencies were 

calculated using Eq. 11 and corresponding exergy calculation equations. The rational exergy 

efficiencies of water recirculation and freshwater conditions were compared (Fig. 5). The 

rational exergy efficiency under recirculation and freshwater conditions were 3 and 0.59%, 

respectively, considering solar energy. The rational exergy efficiencies without considering solar 

energy were 19.28 and 9.37%, for recirculation and freshwater conditions, respectively. The 
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exergy efficiencies of the culture under water recirculation conditions with or without solar 

energy are higher than the culture under freshwater conditions. The exergy difference between 

the two cultures is mainly caused by freshwater and chemical usages. The freshwater control 

used a greater amount of chemicals and freshwater in the input stream and wasted a greater 

amount of product in the output stream, while maintaining a similar output in the desired product 

compared to recirculation. In contrast, recirculation reduced water and nutrient usage in the input 

and output streams, as water loss from centrifugation and flue gas were the only output flows 

with undesirable products. Furthermore, the input stream required less water and nutrient input 

per day due to cross-over products from recirculation. Microalgae cultivation under recirculation 

conditions exhibits an improved exergetic performance over freshwater conditions (10% and 

206% of improvement on exergy efficiency for the culture with solar energy and without solar 

energy, respectively), which concluded a more sustainable solution for algae CO2 capture and 

utilization.  

 

 

Figure 5: Rational exergy efficiencies of freshwater and water recirculation cultivations. 
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CONCLUSION 

An APB unit for flue gas CO2 sequestration and algal biomass production for microalgae 

species C. sorokiniana was studied under boiler water recirculation. The results indicate that 

water recirculation does not affect C. sorokiniana cultivation over the studied recirculation 

period. Biomass productivity was not significantly different between recirculation and control 

(freshwater) conditions (0.23 and 0.22 g L -1 d -1, respectively), and biomass contents between 

conditions were comparable. Furthermore, the relationship between eukaryotic and bacterial 

domains remained stable between recirculation (81%, 87%, 83%, and 82%, respectively and 

19%, 13%, 17%, and 18%, respectively) and freshwater (84% eukaryotic and 16% bacterial). 

The water footprint was substantially reduced by 98% and nitrogen and phosphorus were each 

reduced by 25% and 12.5% respectively. Recirculation conditions exhibited improved rational 

exergy efficiency over freshwater conditions, which represents a sustainable cultivation system 

and addresses a key feasibility and sustainability challenge of commercial algae cultivation of 

CO2 capture.     
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ABSTRACT 

An algae photobioreactor (APB) was used to determine the effect of water recirculation 

on the growth of algal assemblage. CO2 in the flue gas from a power plant was the carbon 

source. Boiler water was used as the source water by the APB in this study. The results showed 

that microalgae cultivation under recirculation conditions was stable over a period of four 

months. Biomass productivities during the 1st through 4th months of recirculation (0.26, 0.23, 

0.20, and 0.18 g L-1 d-1, respectively) were not significantly different than freshwater (0.22 g L -1 

d -1). Furthermore, the relationship between eukaryotic and bacterial domains in the assemblage 

remained consistent throughout the four months of recirculation (80.7, 87.1, 83.1, and 82.1%, 

respectively, and 19.2, 12.8, 16.9, and 17.8%, respectively). This was not significantly different 

than the abundance of each domain in the control freshwater cultivation (83.7% eukaryotic and 

16.2% bacterial). A 1 m3 photobioreactor was then envisioned for a mass, energy, and exergy 

analysis to evaluate the water recirculation on sustainability of the culture system. The mass 

balance analysis concluded that 98% reduction in water usage, 25% reduction in nitrogen, and 

12.5% reduction in phosphorus could be achieved during cultivation operating under 

recirculation for one year, while maintaining biomass productivity of 1.2 kg wet algal biomass 

and sequestration of 0.4 kg CO2 per day. The exergy balance analysis concluded that without 
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considering solar irradiation, the culture with water recirculation greatly enhanced the rational 

exergy efficiency, which represents a more sustainable cultivation system for CO2 capture and 

utilization.    

Key Words: Chlorella sorokiniana, CO2 capture, exergy analysis, microbial community, algae 

photobioreactor 

Nomenclature 

APB Algae photobioreactor 

CO2 Carbon dioxide 

LCA Life cycle assessment 

TAP Tris-Acetate-Phosphate 

PPFD Photosynthetic photon flux density 

TN Total nitrogen 

TP Total phosphorus 

NO3-N Nitrate 

NH3-N Ammonia 

NMDS Non-metric multi-dimensional scaling analysis 

ANOVA Analysis of variance 

� Process exergy efficiency 

 

INTRODUCTION 

Carbon dioxide (CO�) is a major greenhouse gas and principal contributor to global 

climate change. A large source of emissions is derived from power generation, such as power 



43 

 

plants, which accounted for approximately 38% of total energy-related CO2 emissions in 2018 

[1]. While many methods for CO� mitigation exist, biological CO� sequestration through 

microalgae cultivation represents a possible solution to decrease atmospheric CO� and mitigate 

global warming.  

Microalgae have high capabilities to capture CO� and generate biomass, offering 

attractive advantages over other terrestrial sequestration methods. They are able to duplicate cell 

biomass 100 times faster than terrestrial plants, capture CO� 10-50 times more efficiently, and do 

not require arable land [2]. Certain strains of microalgae remain photosynthetically efficient 

under a large range of CO� concentrations [3]. In addition to CO� capture, microalgae biomass is 

characterized by high protein, lipid, and carbohydrate content, which provides a good source for 

value-added products including pharmaceuticals, biofuels, and nutritional supplements [3, 4]. As 

a result, microalgae cultivation offers an attractive solution for CO� capture from major carbon-

emitting sources such as power plants. 

Large-scale microalgae cultivations are typically performed under controlled conditions 

in either open or closed algae photobioreactor (APB) systems. Although open systems are 

characterized by lower capital and operating costs, closed APBs utilize CO2 more efficiently 

while also offering higher biomass productivity [5, 6].  However, several major technical 

challenges on large-scale algal cultivation hinder commercial algal production, including lack of 

long-term stability, high water and nutrient requirements, and an extremely large area 

requirement to balance industrial CO2 emissions [4, 5, 7], which lead to concerns of 

sustainability of such CO2 capture technology. Among them, freshwater consumption is a key 

challenge.  A constant supply of freshwater and certain inorganic nutrients are required to 

achieve and maintain high biomass productivity [8]. However, freshwater is a natural resource 
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that is becoming increasingly scarce, as freshwater aquifers are currently facing unsustainable 

rates of extraction [8]. Life cycle assessments (LCAs) find that the life cycle burden of 

microalgae cultivation comes from nutrient production occurring upstream of algae cultivation 

facilities [8]. Therefore, maximizing the efficiency of water and nutrient use is a critical factor in 

improving both feasibility and sustainability of the technology.  

Growth media recycling is a potential solution to address water and nutrient challenges in 

large-scale microalgae cultivation [3, 8-11]. Recirculation can reduce the freshwater requirement 

while also reducing nutrient usage. An LCA study performed by Yang et al found that when 

harvesting water was completely recycled, nutrient usage decreased by about 55% and 

freshwater usage decreased by 84% [8]. Fret et al achieved a 77% decrease in water and a 68% 

reduction in nutrients using media recirculation [11]. However, the full potential of media 

recirculation across many microalgal species has yet to be completely explored in the field of 

large-scale cultivation. 

This research studied a long-term media recirculation operation in an APB using the flue 

gas from a power plant. The objectives of the study were to minimize freshwater and nutrient 

usage, evaluate biomass production and algal assemblage stability of the cultivation under 

recirculation conditions, and conclude sustainability of the culture under media recirculation and 

freshwater conditions using mass, energy, and exergy analyses.   

MATERIALS AND METHODS 

Algal Assemblage 

The microalgae strain Chlorella sorokiniana MSU was isolated from the Great Lakes 

region for use in seeding the APB. C. sorokiniana isolates were stored on Tris-Acetate-
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Phosphate (TAP) agar medium [12] at room temperature and exposed under constant fluorescent 

light. Modified liquid TAP medium was used for the seed and start-up cultures. The modified 

TAP medium is based on a reference study [13] and contained the following substances: 3.75 

mmol L− 1 of NH4NO3, 0.34 mmol L− 1 of CaCl2 ∙ 2H2O, 0.4 mmol L− 1 of MgSO4 ∙ 7H2O, 0.68 

mmol L− 1 of K2HPO4 (anhydrous), 0.45 mmol L− 1 of KH2PO4 (anhydrous), and 0.09 mmol L -1 

FeCl3 ∙ 6H2O. Nutrient stock solutions were prepared using deionized water. Daily nutrient 

additions to the 100 L APB are presented in Table 1. Microalgae cultivations were performed in 

the closed, but not aseptic, APB.  

Table 1: Daily nutrient addition to the 100 L APB for both recirculation and freshwater cultures 

Component 
Recirculation culture  Freshwater 

culture Month 1 Month 2 Month 3 Month 4  

NH4NO3 (g/day/APB) 10.2 7.8 6.6 6  10.2 

K2HPO4 (g/day/APB) 2.6 2.6 2.2 2.2  2.9 

KH2PO4 (g/day/APB) 1.4 1.4 1.1 1.1  1.5 

CaCl2 ∙ 2H2O 

(g/day/APB) 
0.7 0.7 0.7 0.7  0.7 

MgSO4 ∙ 7H2O 

(g/day/APB) 
1.4 1.4 1.4 1.4  1.4 

FeCl3 ∙ 6H2O 

(g/day/APB) 
2.4 2.4 2.4 2.4  2.4 

  

 

Photobioreactor system and operations 

A PHYCO2 APB unit previously installed in the T.B. Simon Power Plant was used in this 

study. The configuration of the APB unit was detailed and illustrated in a previous publication 

[14]. All cultures were approximately 100 L. The culture was exposed to 24 h lighting conditions 

provided by twelve red and blue LED light bars (Independence LED Lighting LLC, USA). The 

LED light bars delivered a continuous photosynthetic photon flux density (PPFD) of 

approximately 407 µmol m-2 s-1 to support algae growth. PPFD was measured using an LI-190R 
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Quantum Sensor and LI-250A light meter (LI-COR, Lincoln, Nebraska). Additional system 

specifics of the APB are provided in previous studies [15, 16]. The natural gas fired flue gas, 

containing 7.5 ± 1.15% v/v of CO2, 3.2 ±  0.8% v/v of O2, and 76.9 ± 0.4 ppmv of NOx (the rest 

of the flue gas is nitrogen), was directly pumped from the stack into the APB at a flow rate of 

120 L/m3/min. The unit ran for approximately 7 months. Data used in this study were collected 

from May 2nd, 2019 to November 15th, 2019.  

Two semi-continuous cultures were cultivated under two water sources (recirculated 

boiler water and control freshwater). The characteristics of boiler water and freshwater are listed 

in Table 2. Due to the additions of sodium and phosphate to treat the boiler water, the contents of 

both chemicals were much higher than freshwater. While, freshwater contained more calcium, 

iron, zinc, and other minerals.   

Initial harvesting began once biomass productivity reached 0.22 g L-1 day -1. A 50% 

harvest ratio was previously optimized for maximizing biomass concentration and was thus the 

only harvesting ratio used in this study [15]. The specified water source (freshwater or boiler 

water) was used to refill the APB reactor after harvesting. Water was stored in a 380 L storage 

tank for up to 5 days before being fed into the APB. Boiler water was obtained directly from 

power plant boilers. Freshwater cultivation was performed using the tap water from Michigan 

State University. Under recirculation conditions, after centrifugation of biomass collection, the 

remaining broth was recirculated back to the APB. Nutrients were replenished to that of 

modified TAP media. The pH was maintained at 6.6 ± 0.09 for the freshwater treatment and 6.2 

± 0.27 for the recycle treatment.  

Table 2: Characteristics of boiler water and freshwater a 

Component (mg/L) Boiler water Freshwater 
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Calcium (Ca) 2.71 175 

Phosphorus (P) 13.29 <1 

Magnesium (Mg) 0.65 35 

Potassium (K) 0 <2 

Sodium (Na) 30.80 16 

Iron (Fe) 0.03 0.25 

Zinc (Zn) 0.02 0.11 

Copper (Cu) 0.04 0.29 

Manganese (Mn) 0.01 0.06 

Molybdenum (Mo) 0 0 

a: Value obtained from DairyOne Inc. 

 

Chemical analysis 

Samples were analyzed daily for dry biomass weight, pH, and nutrient concentrations 

(total nitrogen (TN), total phosphorus (TP), nitrate (NO3-N), and ammonia (NH3-N)). Algal 

biomass was concentrated for biomass productivity measurements using a Dolphin Alfa Laval 

MAB204 Centrifuge. Wet biomass was weighed and then dried at 105°C for 24 h for dry weight 

determination.  Sample pH was measured using a pH meter (Fisherbrand accumet AB15 + 

Basic, Fisher Scientific Co., Pittsburgh, PA).  Nutrient concentrations were tested in the liquid 

supernatant using nutrient test kits (HACH Company, Loveland, Colorado) equivalent to EPA 

methods [17]. Trace element analysis of the liquid supernatant, elemental analysis, and biomass 

composition of select samples was conducted by Dairy One (Ithaca, NY). Additional elemental 

(C, H, N, and S) analysis was conducted by Atlantic Microlab (Norcross, GA). 

Microbial analysis 

DNA Extraction 

Microbial community samples (1.5 mL) collected for DNA analysis were taken once per 

week throughout the study and stored at -20°C until extraction. To remove nutrient media, algae 

samples were centrifuged using an Eppendorf 5416R centrifuge at 10,000 rpm for 5 min and the 
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supernatant was discarded. The remaining pellet was washed and resuspended once with 

deionized water, and the supernatant was discarded. The final remaining pellet was used for 

DNA extraction using a DNeasy PowerSoil DNA Isolation Kit (Qiagen, Germany). DNA 

extracts were eluted with 100 µL of 10 mM Tris-HCl (pH 8.5) and the concentration and purity 

were determined using a NanoDrop Lite spectrophotometer (Thermo Fisher Scientific, USA). 

Extracted DNA samples were stored at -80°C for several weeks before use in real-time PCR 

quantification and high-throughput sequencing (Illumina MiSeq flow cell).  

Illumina preparation and sequencing 

Illumina sequencing was performed for the 16S rRNA gene region to assess the bacterial 

community. The PCR conditions were as follows: 1.0 µL DNA template (10x diluted of 

microbial community DNA), 0.5 µL of 100 µM forward primer (IDT, Pro341F 5’-

CCTACGGGNBGCASCAG-3’), 0.5 µL of 100 µM reverse primer IDT, Pro805R 3’-

GACTACNVGGGTATCTAATCC-5’), 12.5 µL 2x Supermix (Invitrogen, USA), and 10.5 µL 

PCR grade water. The PCR program used for all assays were as follows: 96°C for 2 min, 

followed by 30 cycles of 95°C for 20 s, 52°C for 30 s, and 72°C for 1 min, and a final elongation 

period of 72°C for 10 min. Amplicons were quality-tested and size-selected using gel 

electrophoresis (1.0% (w/v) agarose concentration and 1× TAE run buffer). Samples were then 

diluted to normalize DNA concentrations within 5-10 ng µL-1 by measuring the DNA 

concentration with the PicoGreen dsDNA quantitation assay (Invitrogen, USA) and Fluostar 

Optima microplate reader (BMG Labtech, Germany). The normalized PCR products were then 

sequenced at the Michigan State University (MSU) Research Technology Support Facility 

(RTSF). Illumina MiSeq (pair-end 250 bp) targeting on V3_V4 hypervariable regions was used 
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to carry out the sequencing. Text-based format data files (FASTQ data files) that store the 

information of nucleotide sequences from the high-throughput sequencing were analyzed using 

the QIIME2 database to generate taxonomic/phylogenetic data for statistical analysis [18]. 

Statistical analysis 

All statistical analyses were performed using R statistical software (Version 3.6.3). The 

data with normal distribution and equal variance were analyzed using a one-way analysis of 

variance (ANOVA). When data violated the normality assumption and equal variance, the 

Kruskal-Wallis test was used. Tukey and Conover’s pair-wise rank comparison post-hoc tests 

were used following ANOVA and Kruskal-Wallis tests, respectively. A significance value of α = 

0.05 was used for all tests.  

Microbial analysis was performed using the R libraries Vegan, ggplot2, phyloseq, and 

MASS on taxonomic/phylogenetic data to graph the relative abundances of samples. Non-metric 

multi-dimensional scaling analysis (NMDS) was then used to correlate the dissimilarities 

between culture conditions, reactor performance, and phenotype abundance.  

Mass balance analysis 

A mass balance analysis was conducted on a 1 m3 APB unit to compare freshwater and 

recirculation cultivation. The envisioned APB unit has 10 tubes, each of which is the same size 

as the tested APB unit. The tubes share the same upflow tube, so that the 1 m3 APB could have a 

similar performance as the tested unit. The gas transfer in the APB is operated through airlift, 

which requires a high inlet flue gas flow rate of 212.5 kg per day. A 50% harvesting ratio is used 

for both scenarios. Flue gas CO2 removal rate is based on biomass productivity and carbon 

content of algal biomass under each condition. After separation of biomass from the medium 
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using a centrifuge, the medium is discarded under freshwater conditions or reintroduced to the 

APB under recirculation conditions. Slightly overdosing nutrients is a common practice to 

prevent nutrient limitation [11]. Using this practice, any discharged media contains a fraction of 

the initial nutrient content. All performance parameters are based on the experimental data from 

the 100 L APB unit.  

Energy balance analysis 

An energy balance analysis was conducted for the 1 m3 APB unit based on the data from 

the 100 L APB. The electricity input for the LEDs was based on an average photosynthetic 

photon flux density (PPFD) of 407 μmol m-2 s-1 and reactor surface area of 46.2 m2. PPFD was 

converted to electrical input using the conversion factor of 1 w m-2 to 2.1 μmol m-2 s-1 [19]. The 

centrifuge is a 5 kW unit and the average running time is 3 min d-1. The harvesting water pump is 

a 0.5 kW unit with an average running time of 8 min d-1. The water refill pump is a 0.5 kW unit 

with an average running time of 8 min d-1. The inlet centrifuge pump is a 0.5 kW unit and runs 

for 3 min d-1. The outlet centrifuge pump is a 0.5 kW unit and runs for 3 min d-1. The flue gas 

pump is a 0.146 kW unit with an average running time of 24 h d-1. The energy content of algal 

biomass as a biofuel was not considered in the energy balance calculation. 

Exergy analysis 

An exergy analysis was conducted on microalgae biomass accumulation under 

recirculation and freshwater conditions, based on the reference approach [20]. The mass and 

energy balance data were used to carry out the exergy analysis. The exergy flow rates of 

individual compounds were calculated as the sum of their physical and chemical exergy flow 

rates: 
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where �� is the mass flow rate (kg/day) of the kth component,  �
�� is the specific chemical 

exergy (kJ/kg) of the kth component; ℎ and � are the specific enthalpy (kJ/kg) and specific 

entropy (kJ/kg•K), respectively, at the given conditions, ℎ� and �� are the specific enthalpy and 

specific entropy of the reference environment, respectively, 86400 is the conversion factor of day 

to second, and �� is the reference temperature (298.15 K). The specific chemical exergy ( �
��) 

values of total nitrogen (TN), total phosphorous (TP), potassium (K), calcium (Ca), sodium (Na), 

magnesium (Mg), iron (Fe), and CO2 are 23,007 kJ/kg nitrogen (based on N in ammonia), and 

4,330 kJ/kg phosphorous (based on P in phosphate), 9,378 KJ/kg (based on potassium ion), 

18,191 kJ/kg (based on calcium ion), 6,029 kJ/kg (based on sodium ion), 25,765 kJ/kg (based on 

magnesium ion), 6679 kJ/kg (based on iron ion), and 452 kJ/kg, respectively [21-23], which will 

be used to calculate process exergy rates. The physical exergies of components with similar 

temperatures to the reference environment were negligible in comparison with chemical exergy 

rates.  

The rational exergy efficiency (ψ) was calculated as the desired exergy output divided by 

the used exergy input: 
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where �/01230/
456  is the exergy rate (kW) of the desired product in the output stream and �510/

27  is 

the exergy (kW) used deduced from the exergies of wasted (�89160
456 ) and desired (�/01230/

456 ) 

products and irreversibility (I) of the system. �/01230/
456  and �510/

27  are defined as followed: 

�/01230/
456 = �:;<9; �24�911

456 + �=9603 27 9;<9; �24�911
456     Equation 5 

�510/
27 = �/01230/

456 + > + �89160
456       Equation 6 

where �:;<9; �24�911
456  is the exergy rate (kW) of the desired algal biomass product and 

�=9603 27 9;<9; �24�911
456  is the exergy rate (kW) of the water in the desired product. > is the 

irreversibility or exergy destruction (kW) of the process and �89160
456  is the sum of the exergy 

rates (kW) of the undesirable products in the output stream. > and �89160
456  are defined as 

followed: 

> = �6469;
27 − �6469;

456         Equation 7 

�89160
456 = �=9603

456 + �?@
456 + �?A

456 + �B
456 + �C<

456 + �D9
456 + �@9

456 + �E0
456 + �DF�

456  

          Equation 8 

where �6469;
456  is the total exergy in the output stream (kW) and �6469;

27  is the total exergy in the 

input stream (kW). The component calculation of �6469;
27  and �6469;

456  is expressed as followed: 
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          Equation 10 

The most significant exergy demand is from solar or illumination energy, which accounts 

for more than 94% of the total daily exergy demand. As solar energy remains constant under 

water recirculation and freshwater conditions, rational exergy without solar energy was 

considered in order to delineate differences of lesser magnitude between the two conditions. 

Rational exergy efficiency without considering solar energy (ψ without solar irradiation) was calculated 

as the desired exergy output divided by the used exergy input without solar energy: 

�826�456 14;93 2339/296247 =
!"#$%&#"

'()

!($#" L%)�'() $'MN& %&&N"%N)%'*
%* × 100%   Equation 11 

where �510/ 826�456 14;93 2339/296247
27  is  the exergy (kW) used deduced from the exergies of 

wasted (�89160
456 ) and desired (�/01230/

456 ) products and irreversibility (>826�456 14;93 2339/296247) of 

the system, without solar energy. �510/ 826�456 14;93 2339/296247
27  is defined as: 

�510/ 826�456 14;93 2339/296247
27 = �/01230/

456 + >826�456 14;93 2339/296247 + �89160
456   Equation 12 
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where >826�456 14;93 2339/296247 is the irreversibility (kW) of the process without solar energy,  

>826�456 14;93 2339/296247 is defined as: 

 >826�456 14;93 2339/296247 = �6469; 826�456 14;93 2339/296247
27 − �6469;

456   Equation 13 

 

RESULTS AND DISCUSSION 

Effects of water recirculation on algae growth, nutrient consumption, and biomass 

composition 

The continuous cultures were conducted using the APB to investigate the effects of water 

recirculation on algal biomass production, composition, and nutrient consumption. The data 

demonstrate that water recirculation does not impact biomass growth in terms of biomass 

productivity compared to freshwater conditions. The data also suggest that while there were 

significant differences in nutrient consumption, these trends do not significantly impact total 

biomass production or composition between conditions.  

Monthly biomass productivity (Fig. 1a and Table S1) and nutrient consumption (Fig. 

1b&1c and Table S2) were analyzed to determine the optimal recirculation period until 

recirculated water should be replaced with freshwater. Although biomass productivity showed a 

decreasing trend over a period of four months of water recirculation, the 1st through 4th months of 

the recirculation culture showed no significant differences (P > 0.05) in biomass productivity 

(0.26, 0.23, 0.20, and 0.18 g L-1 d-1, respectively) in comparison to the freshwater culture (0.22 g 

L-1 d-1). 
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The nutrient elements that remained in the harvested culture media after harvesting algal 

biomass are presented in Table 3. Based on the remaining nutrient contents, the nutrient 

consumptions for both recirculation and freshwater cultures were calculated (Fig. 1b and 1c). TN 

consumption during the 1st and 2nd months of recirculation (28.3 and 30.0 mg TN L-1 d-1, 

respectively) was significantly different (P < 0.5) than freshwater (22.0 mg TN L-1 d-1), but was 

not significantly different (P > 0.05) during the 3rd and 4th months (20.6 and 22.9 mg TN L-1 d-1, 

respectively) than freshwater. NH3-N consumption was significantly different (P < 0.05) than 

freshwater during the 2nd, 3rd, and 4th months of recirculation (9.1, 7.0 and 6.9 mg NH3-N L-1 d-1, 

respectively), but was not significantly different (P > 0.05) than freshwater (11.9 mg NH3-N L-1 

d-1) during the 1st month of recirculation (11.1 mg NH3-N L-1 d-1). NO3-N consumption also 

showed significant differences (P > 0.05) during the 1st, 2nd and 4th months (12.9, 11.7, and 11.3 

mg NO3-N L-1 d-1, respectively), but was not significantly different (P > 0.05) than freshwater 

(6.1 mg NO3-N L-1 d-1) during the 3rd month (7.41 mg NO3-N L-1 d-1). TP consumption was 

significantly different (P < 0.05) during the 1st and 3rd months of recirculation (3.3 and 1.9 mg 

TP L-1 d-1, respectively) but was not significantly different (P > 0.05) than freshwater (2.6 mg TP 

L-1 d-1) during the 2nd and 4th months of recirculation (2.8 and 2.2 mg TP L-1 d-1, respectively).  

As for the elements of Ca, Mg, K, Na, Fe, Zn, Cu, Mn, and Mo, the amounts of Ca, Fe, 

Zn, Cu, Mn, and Mo remaining in both culture media were not significantly (P>0.05) different 

from each other (Table 3). However, the elements of Mg, K, and Na in the recycled media 

(averages of 51, 232, and 31 mg/L, respectively) were significantly (P>0.05) higher (38, 9.4, and 

23 mg/L, respectively) than in the media of the freshwater culture (Table 3). The source waters 

and recirculation culture conditions both contribute to these differences. Particularly, the K 

content in the recirculation cultures was 25 times higher than it in the freshwater culture due to 
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the addition of K2HPO4 and KH2PO4. According to the algae growth under both culture 

conditions, high K contents did not show negative influences on biomass accumulation.  
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(c) 

Figure 1: Biomass production and nutrient consumption. (a) Biomass productivity over a 4-

month recirculation period compared with freshwater. (b) Nitrogen consumption over a 4-month 

recirculation period compared with freshwater. (c) Phosphorus consumption over a 4-month 

recirculation period compared with freshwater.  

Table 3: Elements in the harvested culture media after collecting the algal biomass a 

Component (mg/L) 
Recirculation  

Freshwater 
Month 1 Month 2  Month 3 Month 4  

Nitrogen (TN)a 16.26±5.57 11.67±4.57 5.27±1.48 7.57±2.35  21.11±9.76 

Phosphorus (TP)a 14.61±3.67 23.32±2.26 27.12±2.32 20.87±5.00  6.05±0.89 

Calcium (Ca)b 115.07±0.72 114.16±9.45 103.18±2.09 98.46 c  114.23±5.02 

Magnesium (Mg)b 50.62±1.98 51.45±3.24 51.35±0.30 49.08 c  38.48±1.07 

Potassium (K)b 142.49±32.99 214.60±7.07 281.00±8.49 289.60 c  9.40±0.89 

Sodium (Na) b 30.71±3.63 33.44±3.90 33.63±9.49 27.62  22.51±4.20 

Iron (Fe) b 0 0.19±0.16 0.13±0.01 0.26  0.03±0.04 

Zinc (Zn)b 0 0 0.01±0.01 0 c  0 

Copper (Cu)b 0.06±0 0.08±0 0.08±0.03 0.06 c  0.08±0 

Manganese (Mn)b 0.02±0.02 0.02±0.03 0.01±0.01 0 c  0.03±0.04 

Molybdenum (Mo)b 0.02±0 0.02±0 0.02±0 0.02 c  0.03±0.01 
a: The data are the average of daily samples during the testing periods with a standard deviation. The daily data are 

presented in Table S2 in the supplemental materials.  

b: Parameters were analyzed by DairyOne Inc. Data are the average of two samples with a standard deviation.  

c: The data for the recirculated samples in Month 4 are from one biological sample.  

 

Biomass productivity of the recirculation conditions was not significantly different than 

the freshwater conditions during the four months of the experiment without replacing the boiler 
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water, regardless of differences in monthly nutrient consumption. Biomass components (both 

elements and macromolecules) between recirculation and freshwater conditions showed similar 

content (Table 4), suggesting that recirculation did not affect biomass composition. However, 

four months of recirculation is a conservative recirculation estimate, as the 4th month did not 

show significant differences in biomass productivity compared to the freshwater condition. Thus, 

the actual maximum recirculation period under the recirculation conditions cannot be concluded.  

Table 4: Biomass composition under recirculation and freshwater conditions 

Component (% of biomass) Recirculation Freshwater 

C 
a
 46.2 ± 0.89 46.4 ± 0.44 

H 
a
 7.1 ± 0.05 7.1 ± 0.08 

O 
c
 32.3 ± 1.08 30.5 ± 0.09 

N a 8.5 ± 0.35 8.7 ± 0.27 

P b 1.9 ± 0.10 2.4 ± 0.25 

S 
a,b

 0.6 ± 0.09 0.6 ± 0.09 

Carbohydrate 
b, d

 19.2 ± 2.61 19.5 ± 2.44 

Lipid 
b
 12.2 ± 0.47 9.7 ± 1.68 

Protein 
b
 59.1 ± 2.47 58.6 ± 2.41 

Ash 
b
 9.6 ± 0.36 12.2 ± 1.52 

a: Parameters were analyzed by Atlantic Microlabs 

b: parameters were analyzed by DairyOne Inc. 

c: Value obtained through calculating 100 - SUM (macro and micronutrient composition). No ash 

included.  

d: Carbohydrates = NFC + NDF. 

 

 

Effects of water recirculation on algal assemblage   

Microbial community composition is a useful indicator for APB system operational 

status. The unique co-culture assemblage was monitored to further assess APB stability under 

recirculation conditions. Illumina library preparation and amplicon sequencing were performed 
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at the MSU RTSF and QIIME 2™ was used for microbial community analyses. The rarefaction 

analysis indicates sufficient sample coverage (Fig. S1a). A rank abundance curve with a steep 

gradient at the rank less than 30 indicates low evenness as the high-ranking species (algae) have 

higher abundances than the low-ranking species (bacteria) in the samples (Fig. S1b). One-way 

ANOVA of the water sources on Shannon’s index (H) and Pielou’s index (J) shows that there are 

no significant (P>0.05) differences in alpha-diversity and evenness of algal assemblages between 

recirculation and freshwater conditions (Fig. S2).  

Sequence analysis showed a high abundance of cyanobacteria, which is known to have 

85-93% 16s rRNA gene sequence similarity with microalgal strain C. sorokiniana [24]. Further 

analysis through microscopic imaging did not indicate the presence of cyanobacteria, which are 

frequently characterized by blue-green color and various shapes, sizes, and forms, unlike C. 

sorokiniana [25]. Thus, the sequence was interpreted as microalga C. sorokiniana for all further 

analyses.  

The algae-bacteria assemblage was monitored to further assess APB stability under 

recirculation conditions. Microbes with less than 0.5% of relative abundance are not discussed. 

The relative abundances of the dominant microbial communities at three taxonomic levels 

(Domain, Phylum, and Class) are presented in Fig. 2. Communities are shown over a four-month 

recirculation time period and under freshwater conditions. These communities belong to a total 

of 2 domains, 8 phyla, and 9 classes. The domains present are eukarya (containing microalgal 

species of interest, C. sorokiniana) and bacteria (Fig. 2a). The dynamic data over the 

recirculation period show that the relationship between bacteria and algae abundance remained 

relatively stable. No significant differences (P > 0.05) were observed for eukarya abundance in 

the 1st through 4th month of recirculation (80.7, 87.1, 83.1, and 82.1%, respectively) in 
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comparison to freshwater conditions (83.7%). Similarly, no differences (P > 0.05) in abundance 

were observed in the bacterial domain for the 1st through 4th month (19.2, 12.8, 16.9, and 17.8%, 

respectively) compared to freshwater conditions (16.2%). 

 

(a) (b) 

 

(c) (d) 

 

Figure 2: Relative abundance of bacterial communities. a) at the domain level. b) at the phylum 

level. c) at Proteobacteria class level. d) at Bacteroidetes class level. 

At the bacterial phylum level, Proteobacteria (9.5-16.8%), Bacteroidetes (1.5-5.3%), and 

Bacteria unclassified (0.3-2.5%) abundance dominated both freshwater and recirculation 

communities (Fig. 2b). These findings are consistent with other environmental and large-scale 

microalgae cultivation studies [26, 27]. 
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The phylum Proteobacteria (Fig. 2c) was the most abundant group under both freshwater 

and recirculation conditions. Proteobacteria abundance in the 1st month of recirculation (16.8%) 

was significantly higher (P < 0.05) than during freshwater conditions (9.5%) while the 2nd, 3rd 

and 4th months of recirculation (10.1, 11.1, and 12.5%, respectively) showed no significant 

difference (P > 0.05). Under recirculation conditions, Proteobacteria unclassified was the most 

abundant (6.5-11.7%) class, followed by Alphaproteobacteria and Betaproteobacteria (2.0-4.2% 

and 0.7-1.1%, respectively). Under freshwater conditions, Alphaproteobacteria and 

Betaproteobacteria were the most abundant classes (4.1 and 3.9%, respectively), followed by 

Proteobacteria unclassified (1.3%). No significant differences (P > 0.05) were observed for 

Alphaproteobacteria abundance during the 1st through 4th months of recirculation (4.2, 2.9, 2.9, 

and 2.0%, respectively) when compared with freshwater conditions (4.1%). However, significant 

differences were identified in the abundance of the Betaproteobacteria and Proteobacteria 

unclassified classes. Betaproteobacteria abundance was significantly less (P < 0.05) during the 1st 

through 3rd months of recirculation (1.0, 0.7, and 1.1, respectively) compared to freshwater 

conditions (3.9%), although the 4th month showed no difference (0.9%). Proteobacteria 

unclassified abundance was significantly higher (P < 0.05) during all four months of 

recirculation (11.7, 6.5, 7.1, and 9.5%, respectively) compared to freshwater conditions (1.3%). 

The Bacteroidetes phylum (Fig. 2d) was another dominant bacterial group among 

recirculation and freshwater. No significant differences (P > 0.05) were observed between any 

months of recirculation (1.5, 2.3, 5.3, and 4.9%, respectively) when compared to freshwater 

conditions (4.1%). However, significant differences (P < 0.05) were observed between the 

months of recirculation. Under both freshwater and recirculation conditions, the most abundant 

class within Bacteroidetes was [Saprospirae] (phylum is disputed) (1.1-4.4%). No significant 
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differences (P < 0.05) in [Saprospirae] were observed between the 1st through 4th months of 

recirculation (1.1, 1.9, 4.4, and 2.9%, respectively) when compared with freshwater abundance 

(2.8%). Although, significant differences (P < 0.05) were observed between months of 

recirculation. 

Non-metric multidimensional scaling (NMDS) analysis was conducted to determine the 

linkage of 16S rRNA gene sequences to environmental conditions (Fig. 3a) and recirculation 

time (Fig. 3b). Experimental condition, significant operational parameters, and key bacterial 

groups were compared with microbial community distances to determine the interaction between 

microbial community, environmental condition, and water recirculation time. Recirculation 

conditions significantly (P=0.001) shifted the microbial communities (green ellipses in Fig. 3a), 

as did time (P=0.001) of recirculation (red ellipses in Fig. 3b). One bacterial phylum 

(Bacteroidetes) and three bacterial classes (Betaproteobacteria, [Saprospirae] and Proteobacteria 

unclassified) were significantly (P < 0.05) influenced under recirculation and freshwater 

conditions. Additionally, one bacterial phylum (Bacteroidetes) and two bacterial classes 

(Alphaproteobacteria and [Saprospirae]) were significantly (P < 0.05) influenced by the time of 

recirculation.  

Bacteroidetes was affected by both culture condition and recirculation time. Most 

notably, Fig. 3b shows the increased abundance of Bacteroidetes over the increasing time of 

recirculation. Members of the Bacteroidetes phylum are highly diverse but are frequently 

recognized as specialists for degrading complex organic matter, such as proteins and 

carbohydrates [27]. The accumulation of organic matter over the recirculation period, such as 

algal cell components, is a potential carbon and energy source for Bacteroidetes. Unlike 
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freshwater conditions, the accumulation of unassimilated compounds is a critical consideration 

for recirculated media.  

The class [Saprospirae], was found to be the most abundant class within Bacteroidetes 

and was also significantly affected by culture condition and time. Recirculation time (Fig. 3b) 

showed a clear relationship with [Saprospirae], with relative abundances increasing over time. 

Further analysis showed that Chitinophagaceae was the dominating bacterial family from the 

[Saprospirae] class. Previous studies suggest that Chitinophagaceae may provide molecules and 

enzymes which act as potential stimulants for plant growth [28]. Another study [29] on algal-

bacteria symbiosis also reported the presence of Chitinophagaceae in association with algal 

growth in wastewater, and suggests that the growth of this bacterial group was favored due to its 

co-existence with algae.  

 

 

(a) 

 
(b) 
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Figure 3: Non-metric multidimensional scaling (NMDS) analysis of microbial community 

relative abundance for the APB system*. a.) Culture condition. b.) Water recirculation time. *: 

Green ellipses indicate culture condition and red ellipses indicate recirculation time. The red 

arrows indicate significant operational parameters (P < 0.05) of the APB. Blue arrows indicate 

significant microbial groups (P < 0.05).  

 

Fig. 3a suggests that significant changes in TN and NO3-N consumption (P=0.034 and 

P=0.001, respectively) occurred under recirculation conditions. This trend may indicate that the 

bacterial consortia utilized nitrogen compounds differently between freshwater and recirculation 

culture conditions. Betaproteobacteria, for example, was found to be significantly influenced 

(P=0.001) by culture conditions, showing a higher relative abundance under freshwater 

conditions than during recirculation. The Betaproteobacteria class is known to contain many 

species of ammonia oxidation bacteria [30], which provides a possible explanation for 

differences in nitrogen consumption patterns among culture conditions. 
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A particularly interesting study conducted by Sambles et al discusses microbial 

community changes in an algae-bacteria co-culture due to repeated rinsing. Certain groups, such 

as Alphaproteobacteria, increased after rinsing [31]. Under recirculation conditions, 

Alphaproteobacteria was shown to decrease over time. It is possible that rinsing with freshwater 

may provide a favorable environment for this group of bacteria. Sambles et al also identified 

certain bacterial orders that were not removed from the culture by rinsing, while others were 

removed after rinsing [31]. This suggests that microbes not removed by rinsing were likely very 

closely associated or attached to algal colonies [31]. Bacteria unclassified and Proteobacteria 

unclassified were shown to be affected by culture condition and/or recirculation time. Although 

these bacterial groups could not be further classified beyond the domain and phylum levels, 

respectively, speculations can be made as to why differences in abundance exist between 

conditions. It is possible that daily harvesting disrupts algae-bacteria relationships. While this 

disruption remains permanent under freshwater conditions, media recirculation may reinforce 

such relationships, as previously rinsed microbes are eventually re-introduced into the system. 

More detailed relationships such as this are likely masked under currently unclassified groups. 

Furthermore, although biomass productivity under recirculation was not found to be 

significantly different than freshwater, it is clear in Fig. 3b that biomass productivity showed an 

overall decreasing trend over the recirculation period. These results are consistent with similar 

small-scale algae cultivation studies on media recirculation in microalgae cultivation [11]. It 

remains uncertain why biomass decreased over recirculation. One potential cause for decrease 

may include unidentified pathogenic bacteria that were allowed to grow under prolonged 

residence time within the system and harm algal cells. Some species in the order of Cytophagia, 

for example, are capable of lysing a variety of algae cells [26]. Another possible factor is the 
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gradual accumulation of substances that may be detrimental to algal health. Potential 

accumulating substances could be inhibitory compounds from bacterial or algal cells, nutrients, 

minerals, or antifoaming agents used to control foaming during algae cultivation. Compounds 

such as inhibitory substances and antifoaming agents are not assimilated into the microalgae 

biomass, allowing concentration to rise as media is recirculated. Select nutrients and minerals, 

such as K and P were also found to accumulate within the reactor, as algal biomass consumption 

rate was likely less than the amount added each day.  

Microbial analysis in this study demonstrated that the relationship between microalgae 

and bacteria domains was relatively stable for the recirculation period and did not display major 

differences between conditions. However, it is apparent that the intricacies and complexities of 

microbial community on biomass growth cannot be fully characterized by the obtained results. 

Understanding microbial community structure and function within microalgae cultivation is 

essential for large-scale microalgae cultivation. To determine the true stability and functional 

relationships between microalgae and bacteria, a more detailed analysis of dynamic changes of 

community structure and function is needed. 

Mass and energy balance of the water recirculating photobioreactor system 

Using experimental data, a mass and energy balance analysis was conducted on a 1 m3 

APB unit (Fig. 4 and Table 5). Under freshwater conditions, the 1 m3 unit produces 1.1 kg of wet 

algal biomass per day (Fig. 4a). The culture sequesters 0.4 kg of CO2 per day. 500 kg of water is 

required each day to replenish 498.9 kg of water discharged from centrifuging and to replace 

water contained in algal biomass. Considering the nutrient contents in the freshwater and daily 

nutrient addition, the amounts of nitrogen, phosphorus, potassium, calcium, sodium, magnesium, 

and iron to feed the 1 m3 APB unit are 0.036, 0.008, 0.017, 0.070, 0.008, 0.001, and 0.005 
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kg/day, respectively. After the 24-hour cultivation, the amounts of corresponding elements in the 

discharged water from the APB are 0.011, 0.003, 0.005, 0.057, 0.011, 0.019, and 0.000015 

kg/day.   

 

(a) 

 
(b) 

 

Figure 4: Mass balance of the APB unit with a volume of 1000 L*. a.) Mass balance under 

freshwater conditions. b.) Mass balance under recirculation conditions.  
*: Calculation of CO2 fixation under freshwater conditions is based on microalgal cell formula: 

CH1.84O0.49N0.16P0.020S0.005Fe0.009K0.008Ca0.005Mg0.003 

*: Calculation of CO2 fixation under recirculation is based on microalgal cell formula: 

CH1.84O0.52N0.16P0.016S0.005Fe0.006K0.009Ca0.003Mg0.003 
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Under recirculation conditions, the photobioreactor produces 1.2 kg of wet algal biomass 

per day (Fig. 4b). The culture also sequesters 0.4 kg of CO2 per day. The daily nutrient additions 

are 0.027, 0.007, 0.014, 0.018, 0.0005, and 0.005 kg/day for nitrogen, phosphorus, potassium, 

calcium, magnesium, and iron, respectively. After the daily harvesting of algal biomass, the 

recirculated water of 495.8 kg containing 0.005, 0.011, 0.116, 0.054, 0.016, 0.00001, and 

0.00072 kg/day of nitrogen, phosphorus, potassium, calcium, sodium, magnesium, and iron, 

respectively is mixed with 4.2 kg of makeup freshwater and the daily nutrient additions to feed 

the APB.   

The mass balance analysis shows that for 1-year cultivation operating under recirculation 

conditions, approximately 179,000 kg of freshwater, 3.2 kg of nitrogen, 0.37 kg of phosphorus, 

1.1 kg of potassium, 19 kg of calcium, and 0.22 kg of magnesium can be saved (Table 5). 

Significant reductions of 98%, 25%, 12.5%, 17.6%, 74%, and 54.5% in corresponding 

compounds are achieved by the recirculation of boiler water for cultivation. 

Table 5: Resources saved of the envisioned 1000 L algae photobioreactor  

for 1-year operation under recirculation conditions*. 
 

Resource Amount Saved (kg) Reduction 

Freshwater 179,000 98 % 

Nitrogen 3.2 25 % 

Phosphorus 0.37 12.5 % 

Potassium 1.1 17.6% 

Calcium 19.0 74% 

Magnesium 0.22 54.5% 
*: The calculation was based on the mass balance and operational data in comparison with freshwater 

treatment conditions. 4-month water usage is for the recirculation culture before the boiler water is replaced.  

 

The energy balance analysis shows that a net energy input of 219 kWh-e unit -1 day -1 is 

required to power the APB unit under both freshwater and recirculation conditions (Table 6). 

The electricity demands for the LED lights and centrifuge are 215 and 0.25 kWh unit -1 day -1, 
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respectively. The energy required for the APB water addition and culture harvesting pumps are 

0.07 and 0.07 kWh unit -1 day -1, respectively. The energy required for centrifugation pumps is 

0.03 kWh unit -1 day -1, each. The energy requirement for the flue gas pump is 3.50 kWh unit -1 

day -1. The most significant energy demand comes from the electrical input to the LED lights, 

which accounts for 98% of the total daily energy demand. To reduce the total energy cost of 

LED, integrating solar energy into the operating system is a potential solution.    

Table 6: Energy balance of the envisioned 1000 L algae photobioreactor * 

Component Energy Required 
 

Electrical input to LED lights (kWh/unit/day) -215 

Electrical input to centrifuge (kWh/unit/day) -0.25 

Electrical input to water addition (kWh/unit/day) -0.07 

Electrical input to culture harvesting (kWh/unit/day) -0.07 

Electrical input to centrifuge pump (tank to centrifuge) (kWh/unit/day) -0.03 

Energy input to centrifuge pump (centrifuge to sink) (kWh/unit/day) -0.03 

Energy input to flue gas pump (kWh/unit/day) -3.50 

Net energy (kWh-e/unit/day)  
 

-219 
 

*: The energy balance analysis was based on the mass balance and pilot operational data. Energy input is 

negative and energy output is positive.  

Exergy analysis of the water recirculating photobioreactor system 

An exergy analysis was conducted to evaluate effects of the water recirculation on 

environmental sustainability of the culture system with and without solar energy input. The 

detailed exergy rates of inputs and outputs (including both chemical compounds and process 

energy usages) are presented in Tables S3 and S4. Rational exergy (�) efficiencies were 

calculated using Eq. 11 and corresponding exergy calculation equations. The rational exergy 

efficiencies of water recirculation and freshwater conditions were compared (Fig. 5). The 

rational exergy efficiency under recirculation and freshwater conditions were 3 and 0.59%, 

respectively, considering solar energy. The rational exergy efficiencies without considering solar 

energy were 19.28 and 9.37%, for recirculation and freshwater conditions, respectively. The 
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exergy efficiencies of the culture under water recirculation conditions with or without solar 

energy are higher than the culture under freshwater conditions. The exergy difference between 

the two cultures is mainly caused by freshwater and chemical usages. The freshwater control 

used a greater amount of chemicals and freshwater in the input stream and wasted a greater 

amount of product in the output stream, while maintaining a similar output in the desired product 

compared to recirculation. In contrast, recirculation reduced water and nutrient usage in the input 

and output streams, as water loss from centrifugation and flue gas were the only output flows 

with undesirable products. Furthermore, the input stream required less water and nutrient input 

per day due to cross-over products from recirculation. Microalgae cultivation under recirculation 

conditions exhibits an improved exergetic performance over freshwater conditions (10% and 

206% of improvement on exergy efficiency for the culture with solar energy and without solar 

energy, respectively), which concluded a more sustainable solution for algae CO2 capture and 

utilization.  
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Figure 5: Rational exergy efficiencies of freshwater and water recirculation cultivations. 

 

CONCLUSION 

An APB unit for flue gas CO2 sequestration and algal biomass production for microalgae 

species C. sorokiniana was studied under boiler water recirculation. The results indicate that 

water recirculation does not affect C. sorokiniana cultivation over the studied recirculation 

period. Biomass productivity was not significantly different between recirculation and control 

(freshwater) conditions (0.23 and 0.22 g L -1 d -1, respectively), and biomass contents between 

conditions were comparable. Furthermore, the relationship between eukaryotic and bacterial 

domains remained stable between recirculation (81%, 87%, 83%, and 82%, respectively and 

19%, 13%, 17%, and 18%, respectively) and freshwater (84% eukaryotic and 16% bacterial). 

The water footprint was substantially reduced by 98% and nitrogen and phosphorus were each 

reduced by 25% and 12.5% respectively. Recirculation conditions exhibited improved rational 

exergy efficiency over freshwater conditions, which represents a sustainable cultivation system 

and addresses a key feasibility and sustainability challenge of commercial algae cultivation of 

CO2 capture.     
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